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Aronoff, Ruth F. PhD, Purdue University, August 2016. The Role of the Picuris Orogeny 
in the Tectonic Evolution of North America. Major Professor: Christopher L. Andronicos. 
 
 
North America is a continent that has grown over time by horizontal attachment 
of material onto its margins. Studying the process of continental growth in the geologic 
past gives insight into fundamental components of plate tectonics, and sheds light onto 
processes at work at modern plate boundaries, in which mid- and lower-crustal rocks are 
generally hidden from view.  
This study focuses on the growth of North America during the Proterozoic. 
Researchers have debated the role of three orogenies in shaping the southwestern margin 
of North America: the ~1.80-1.60 Ga Yavapai and Mazatzal orogenies, and the newly 
recognized ~1.40 Ga Picuris orogeny. We address this question at local, regional, and 
continental scales using a variety of methods, including geochronology, structural 
analysis, and metamorphic petrology. 
Here we show that portions of New Mexico did not undergo high temperature 
metamorphism until the Picuris orogeny, and that much of the regional deformation 
documented in these locations accompanied metamorphism during a single progressive 
tectonic event that featured thrusting and heterogeneous crustal thickening. Proterozoic 






the Yavapai, Mazatzal, and Picuris orogenies, and a tectonic boundary separates the poly-
metamorphosed rocks of southern Colorado from the progressively metamorphosed rocks 
of northern New Mexico. The ~1.48-1.35 Picuris orogen that spans northern New Mexico 
and southern Colorado is part of a continent-scale system that links the Picuris orogen to 
the ~1.51-1.45 Ga Pinware orogen of eastern North America. These two orogens are the 
product of a convergent southern margin with a north-dipping subduction zone, which 
had variably developed continental arcs, backarcs, and zones of transpression; it may 
have had an orogenic plateau, and convergence may have been accommodated by 





CHAPTER 1. INTRODUCTION 
This dissertation consists of three chapters in addition to the introductory chapter. 
Together these three chapters build and refine tectonic models for the assembly of North 
America in the Proterozoic. A comprehensive overview of the competing hypotheses 
tested in each chapter is provided in Chapter 2. 
 
1.1 Chapter Summaries 
 
Chapter 2 is titled “Redefining the metamorphic history of the oldest rocks in the 
southern Rocky Mountains,” and is coauthored by Christopher Andronicos (Purdue 
University), Jeffrey Vervoort (Washington State University), and Robert Hunter (Cornell 
University, presently Royal Dutch Shell). The chapter was published in Geological 
Society of America Bulletin in 2016 (doi: 10.1130/B31455.1).  This study uses lutetium-
hafnium (Lu-Hf) garnet geochronology, microstructural analysis, and isochemical phase 
diagram modeling of supracrustal rocks from northern New Mexico to show that 
amphibolite facies metamorphism and deformation in the region are restricted to a time 
period between 1.46 and 1.40 Ga. Furthermore, the timing of garnet growth in different 
crustal blocks separated by thrust-sense shear zones provides evidence for a north-





results demonstrate that the Picuris orogeny is responsible for assembling much of the 
continental crust of northern New Mexico. The result is surprising because northern New 
Mexico has previously been interpreted as the transition zone between Yavapai and 
Mazatzal rocks. In essence, Chapter 2 tests the existence of the Picuris orogeny in 
northern New Mexico, and shows that metamorphism and deformation can be attributed 
to a single progressive tectonic event. 
 Chapter 3 is titled “Convergent and Collisional Orogenesis in North America 
from 1.5 to 1.3 Ga.” It is coauthored by Christopher Andronicos (Purdue University), 
Jeffrey Vervoort (Washington State University), and Robert Hunter (Cornell University, 
presently Royal Dutch Shell). Having established the presence of the Picuris orogeny in 
Chapter 2, this chapter places the tectonic activity documented in northern New Mexico 
in the context of continental-scale trends in magmatic activity. In this chapter, we use an 
extensive database of U-Pb zircon dates plotted on a map of North America to better 
understand trends in the spatial distribution of Proterozoic igneous rocks with time. We 
segregate the data based on changes in the geographic distribution of magmatic rocks, 
and use these time-space slices to construct a tectonic model of the Yavapai, Mazatzal, 
Pinware, and Picuris orogenies, which all involved convergence along the southern 
margin of North America. In particular, this chapter illuminates the relationship between 
the Pinware orogeny of eastern Canada and the Picuris orogeny of the southwestern U.S, 
constructing a continent-scale orogeny from western Arizona to eastern Canada. The 
model is built from zircon age data, but aspects of the model are in good agreement with 





 Chapter 4 is titled, “Locating the northern boundary of the Picuris orogen using 
Lu-Hf garnet geochronology,” and is coauthored by Christopher Andronicos (Purdue 
University), Jeffrey Vervoort (Washington State University), Robert Hunter (Cornell 
University, presently Royal Dutch Shell), Juan David Hernandez Montenegro (National 
University of Colombia), and Oriana Blandon (National University of Colombia). This 
chapter uses Lu-Hf geochronology, microstructural analysis, and isochemical phase 
diagram modeling, and also incorporates measurements of the spatial distribution of Lu 
within garnet crystals and models of resorption and diffusion within garnet. This chapter 
shows that rocks from Colorado display fundamentally different metamorphic histories 
from rocks in central and northern New Mexico, that the northern boundary of the Picuris 
orogen lies in southern Colorado based on the presence of poly-metamorphosed granulite 
facies gneisses, and that a tectonic boundary separates these multiply metamorphosed 
rocks from samples in New Mexico, which have undergone a single progressive tectonic 
event. This chapter expands the contractional orogenic model developed in Chapter 2, 
and supports the regional- to continental-scale interpretations of Chapter 3 by providing 








CHAPTER 2. REDEFINING THE METAMORPHIC HISTORY OF THE OLDEST 
ROCKS IN THE SOUTHERN ROCKY MOUNTAINS 
Reprinted with permission from the Geological Society of America Bulletin. Original 
Publication: Aronoff, R.F., Andronicos, C.L., Vervoort, J.D. and Hunter, R.A., 2016, 
Redefining the metamorphic history of the oldest rocks in the southern Rocky Mountains: 
Geological Society of America Bulletin, p. B31455-1. 
 
2.1 Abstract 
Proterozoic rocks exposed in the Rocky Mountains of New Mexico record the 
history of the assembly of North America, providing insight into crustal growth, accretion, 
and recycling. Here we present six well-constrained lutetium-hafnium garnet ages 
showing that regional amphibolite-facies metamorphism and deformation occurred 
between 1.46 and 1.40 Ga. The samples come from the kyanite, sillimanite and andalusite 
zones of the “Al2SiO5 triple point terrane” of northern New Mexico. Porphyroblast-
matrix textures in dated samples provide definitive evidence for garnet growth during 
three phases of deformation associated with crustal thickening during the development of 
a regional scale north-vergent contractional orogenic belt. The development of first 
generation deformation fabrics is constrained to a period between 1.46 and ~1.45 Ga; 
second generation deformation fabrics to the period 1.42 – 1.40 Ga; and third generation 





metamorphism in northern New Mexico are both the result of a Mesoproterozoic 
orogenic event, the Picuris orogeny. We see no evidence for amphibolite facies 
metamorphism during the Paleoproterozoic Mazatzal or Yavapai orogenies in northern 
New Mexico. 
2.2 Introduction 
The North American continent has provided a record for the development of 
models for the growth and assembly of continents by horizontal accretion at collisional 
and convergent plate margins (Hoffman et al., 1988). Archean nuclei form the core of the 
North American continent and are sutured across Proterozoic orogenic belts (Fig. 2.1; 
Whitmeyer and Karlstrom, 2007). The southwestern margin of the continent was 
constructed in the Paleo- and Mesoproterozoic during at least three orogenic phases 
spanning the time period 1.8 to 1.0 Ga, culminating in the Grenville orogeny. The 
Mazatzal and Yavapai orogenic belts represent two of the largest additions of juvenile 
crust to southwestern North America (Fig. 2.1; Whitmeyer and Karlstrom, 2007). 
Together, the two provinces form an orogenic belt that is exposed for over 1000 km 
across strike and extends from Mexico to eastern Canada (Karlstrom and Bowring, 1988; 
Bowring and Karlstrom, 1990; Whitmeyer and Karlstrom, 2007). In currently accepted 
models for Precambrian tectonics, northern New Mexico is interpreted to lie within the 
transition zone (Shaw and Karlstrom, 1999) between rocks accreted to North America 
during the ~1.71 to 1.68 Ga Yavapai orogeny and those accreted during the ~1.66 to 1.60 
Ga Mazatzal orogeny (Figs. 2.1 and 2.2; Whitmeyer and Karlstrom, 2007; Amato et al., 
2008). Northern New Mexico is therefore an ideal region to test models for the 





Figure 2.1 Geological map of Precambrian rocks in the Rocky Mountain region of the United States based 
on the Geologic Map of North America (Reed et al., 2005a and 2005b; Garrity and Soller, 2009). a) Map 
showing the distribution of Precambrian rocks in the Rocky Mountain region, with tectonic province 
boundaries highlighted (Whitmeyer and Karlstrom, 2007). b) Map showing the distribution of quartzite 
dominated basins in the southwest USA (Jones et al., 2011; Doe et al., 2012 and 2013; Daniel et al., 2013a 
and 2013b) with temperature distribution circa 1430-1400 Ma based on argon isotopic cooling age 
compilation made by Shaw et al. (2005), with modifications based on additional data (eg. Amato et al., 
2011; Strickland et al., 2003). Region of few 1.4 Ga plutons is from Nyman and Karlstrom (1997). Margins 
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Recent work has documented the existence of metasedimentary and metavolcanic 
rocks with Mesoproterozoic-aged protoliths in northern New Mexico (Fig. 2.1; Jones et 
al., 2011; Daniel et al., 2013a and b) and eastern Arizona (Fig. 2.1; Doe et al., 2012 and 
2013). Mesoproterozoic plutons and Mesoproterozoic isotope dates have long been 
recognized in the region (e.g., Anderson, 1983; Grambling and Dallmeyer, 1993; Nyman 
et al., 1994; Kirby et al., 1995; Duebendorfer and Christansen, 1995; Gonazales et al., 
1996; Frost and Frost, 1997; Karlstrom et al., 1997; Lanzirotti and Hanson, 1997; Shaw 
and Karlstrom, 1999; Ferguson et al., 2004; Shaw et al., 2005; Vigneresse, 2005; Daniel 
and Pyle, 2006; Whitmeyer and Karlstrom, 2007; Jones et al., 2010; Frost and Frost, 
2013), but the presence of these rocks is commonly attributed to intracontinental 
tectonism following continental assembly (e.g., Karlstrom and Bowring, 1988; Nyman et 
al., 1994; Williams and Karlstrom, 1996; Shaw and Karlstrom, 1999; Larson and Sharp, 
2005; Whitmeyer and Karlstrom, 2007). 
In light of the recognition of Mesoproterozoic supracrustal rocks in the 
southwestern U.S., two models have emerged to explain the tectonic history of this region. 
In the first model, crustal material was deformed and metamorphosed during accretion 
onto North America during the Yavapai and Mazatzal orogenies between 1.8 and 1.6 Ga 
(Karlstrom and Bowring, 1988; Bowring and Karlstrom, 1990; Bauer and Williams, 1994; 
Pedrick et al., 1998; Amato et al., 2008). Tectonic overprinting took place during a ~1.4 
Ga intracontinental tectonic event, in which voluminous plutonism caused regional high 
temperature metamorphism (Karlstrom and Bowring, 1988; Williams, 1991; Karlstrom et 
al., 1997; Pedrick et al., 1998; Williams et al., 1999; Read et al., 1999; Shaw et al., 2001; 





deformation and amphibolite facies metamorphism in these rocks is attributed to a single 
progressive tectonic event between 1.45 and 1.35 Ga (Grambling et al., 1989; Grambling 
and Dallmeyer, 1993; Pedrick et al., 1998; Daniel and Pyle, 2006), recently termed the 
Picuris orogeny (Daniel et al., 2013b). In this model, greenschist-facies metamorphism 
preserved in specific locations in the region is the product of arc formation rather than the 
fingerprint of a Paleoproterozoic orogeny.  
This study integrates microstructural analysis, isochemical phase diagram modeling, 
and Lu-Hf garnet dating to test competing models for the timing of regional deformation 
and metamorphism in northern New Mexico. Samples collected across different 
metamorphic zones within the Vadito Group, the stratigraphically oldest portion of the 
supracrustal sequence, show garnet growth and structural fabric development between 
1.46 and 1.40 Ga. Although these rocks are at the base of the supracrustal stratigraphic 
section, and therefore likely contain the most complete record of deformation and 
metamorphism in this region, we see no evidence for Paleoproterozoic high temperature 
metamorphism in this study. This provides strong support for the role of the Picuris 
orogeny in the tectonic assembly of northern New Mexico in the Proterozoic. Because 
northern New Mexico has previously been interpreted as the transitional boundary 
between Yavapai and Mazatzal material, the results of this study call for further 






2.3 Regional Geology 
2.3.1 Proterozoic Stratigraphy 
Proterozoic rocks of northern New Mexico are composed of orthogneiss and 
greenstone (Condie and McCrink, 1982; Robertson and Condie, 1989) overlain by 
metamorphosed supracrustal rocks with volcanic and sedimentary protoliths (Williams, 
1991; Bauer, 2004). These rock packages are intruded by Paleo- and Mesoproterozoic 
plutonic rocks (Figs. 2.2-2.6). Dated samples in this study come from supracrustal rocks 
in three locations: the southern Picuris Mountains, the southern Tusas Mountains, and the 
central Tusas Mountains (Figs. 2.2-2.4). 
Evidence for Yavapai- and Mazatzal-aged arc activity in the region comes 
primarily from plutonic rocks with U-Pb zircon ages of ~1.76 – 1.60 Ga (Fig. 2.4). It is 
notable that the Paleoproterozic zircon ages do not define distinct age peaks on relative 
probability diagrams, which may be expected if a terrane boundary crossed the area. 
Rather, the chronologic distribution of ages is consistent with a prolonged period of 
magmatism spanning ~1.75 to 1.62 Ga, with a strong peak at ~1.70 Ga (Fig. 2.5). These 
intrusive rocks, associated greenstones, and gneisses form the basement on which 
younger supracrustal rock associations were built (Karlstrom et al., 2004). The volume of 
1.4 Ga granitic rocks in the region is small. The 1.45 Ga Peñasco granite in the Picuris 
Mountains (Daniel et al., 2013b), the 1.48 Macho Creek granite in the Pecos region 
(Robertson and Condie, 1989), and the 1.45 Ga Evergreen granite-gabbro complex 









Figure 2.2 Location map showing Precambrian rocks of northern New Mexico based on the geologic map 
of New Mexico (New Mexico Bureau of Geology and Mineral Resources, 2003). Metamorphic isograds 
separating Al2SiO5 zones are shown (Grambling, 1981; Grambling and Williams, 1985; Read et al., 1999; 
this study). Note north-to-south increase in metamorphic grade in the Tusas Mountains and west-to-east 
increase in metamorphic grade from the Picuris Mountains to the Rincon Range. The occurrence of all 
three Al2SiO5 polymorphs is restricted to the northern Picuris and southern Truchas Mountains (“TR”), 
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 In this study, we focus on three supracrustal sequences: the Vadito, Hondo, and 
Trampas groups (Figs. 2.2 and 2.3). The Vadito Group is composed of metavolcanic 
rocks, with lesser micaceous schist, conglomerate, amphibolite, and hypabyssal felsic 
plutonic rocks. The Vadito is Paleoproterozoic in age and rests on older calc-alkaline 
plutons and greenstone volcanic rocks (Fig. 2.3, Bauer and Williams, 1989). The Hondo 
Group rests on the Vadito and consists of the Ortega Quartzite and the Rinconada 
Formation, a sequence of interlayered schists and quartzites (Fig. 2.3, Bauer and 
Williams, 1989; Daniel et al., 2013b). The Pilar Formation and the Piedra Lumbre 
Formation, previously considered part of the Paleoproterozoic Hondo Group (e.g., Bauer 
and Williams, 1989), have recently been reinterpreted to form the Mesoproterozoic 
Trampas Group (Fig. 2.3, Jones et al., 2011; Daniel et al., 2013b). This regrouping is 
based on detrital zircon data and U-Pb data from metatuffs that show that deposition of 
the Trampas Group was underway at 1523 Ma and continued to at least 1475 Ma (Daniel 
et al., 2013a and b). 
The Marqueñas Conglomerate in the southern Picuris Mountains rests 
unconformably on the Vadito Group (Fig. 2.3), but its stratigraphic relationship with the 
Hondo and Trampas groups remains speculative because the units are separated by the 
Plomo-Pecos shear zone (Jones et al., 2011; Daniel et al., 2013b). Detrital zircon dates 
and U-Pb zircon dates of rhyolite cobbles within the Marqueñas Formation suggest that it 
includes some of the youngest materials in the Precambrian section. It was receiving 









Figure 2.3 Projected cross-sections of the Tusas and Picuris mountain ranges. Cross section lines (A-A’, B-B’) are indicated in Fig. 2.2. Tusas Range section 
is modified from Williams et al. (1999). Picuris Range section is modified from Bauer and Helper (1994). Inset boxes show Lu-Hf garnet ages (this study) 














































































































































































































































F1 fold axial trace








Figure 2.4 Map showing age data from this study and previous studies superimposed on the location map of 
Figure 2. Zircon and monazite U-Pb ages are indicated by black filled circles (Bauer and Pollock, 1993; 
Pedrick et al., 1998; Karlstrom et al., 2004; Jones et al., 2011; Daniel et al., 2013a and 2013b). 40Ar/39Ar 
dates of hornblende, muscovite, and biotite are shown by white filled circles (Karlstrom et al., 1997; Shaw 
et al., 2005). Note that ~1.4 Ga-aged plutons only occur in the southern Picuris Mountains, Santa Fe Range, 
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The Trampas Group and Marqueñas Formation both contain structures that are 
concordant with structures in stratigraphically older rocks, and therefore likely share the 
same deformation history (Jones et al., 2011). The presence of tuff beds and rhyolite 
cobbles in the Picuris Mountains with ages between 1523 and 1447 Ma provides the first 
evidence for Mesoproterozoic volcanism in the southern Rocky Mountains (Daniel et al., 
2013a and b). 
 
2.3.2 Regional Structure 
Three generations of deformation are generally recognized and regionally 
correlated in northern New Mexico (Williams et al., 1999; Read et al., 1999). These 
phases of deformation are (1) early recumbent folding and the development of a bedding-
parallel foliation, (2) heterogeneous crustal thickening and the creation of regionally 
extensive, upright to overturned folds, and (3) late ductile thrusting and the formation of 
spaced, open folds. The most common first generation (D1) structure is a bedding-parallel 
foliation (Williams et al., 1999; Read et al., 1999). Second generation (D2) structures 
include a dominant regional foliation and km-scale folds with variable axial surface 
orientations. In the central Tusas Mountains, tight F2 folds have northwest striking, 
steeply southwest dipping axial surfaces; in the southern Tusas Mountains, tight F2 folds 
have variably northwest to northeast striking, shallowly plunging axial surfaces 
(Williams, 1991; Bishop, 1997). In the Picuris Mountains, tight F2 folds have east 
striking, moderately to steeply south dipping axial surfaces (Bauer and Helper, 1994; 
Bauer, 2004). Third generation (D3) structures throughout the study area include upright 






Williams et al., 1999). In the southern Tusas Mountains, an F3 fold forms the map scale 
antiform at Cerro Colorado (Bishop, 1997). The intensity of each generation of 
deformation is heterogeneous across the study area (Williams et al., 1999).  
Several regionally extensive ductile thrusts are documented in the study area (Figs. 
2.2-2.4 and 2.6) and are interpreted as active during D2 and D3 deformation. These 
structures are commonly mapped based on lithologic contacts, but represent ductile shear 
zones, and deformation is regionally distributed across these structures (Williams, 1991; 
Bauer, 1993; Williams et al., 1999; Read et al., 1999; Bauer, 2004). The Pecos thrust is 
an east-west striking, moderate to steeply south dipping shear zone that places rocks of 
the Pecos greenstone belt northward over schist, gneiss and quartzite of the Ortega 
formation (Robertson and Condie, 1989). Several small 1.4 Ga intrusions occur south of 
this structure (Robertson and Condie, 1989; Lindline et al., 2013). In an interpreted pre-
Phanerozoic restoration of the region (Fig. 2.6; Montgomery, 1953; Karlstrom and Daniel, 
1993; Cather et al., 2006 and 2011), the Pecos thrust is continuous with the Plomo thrust 
(Bauer, 1993), and this continuous structure is here referred to as the Plomo-Pecos shear 
zone. The Plomo-Pecos ductile shear zone cuts the southern Picuris Mountains. The 
hanging wall of this shear zone includes the Mesoproterozoic (<1.47 Ga) Marqueñas 
Formation, which rests in unconformity on the Vadito Group. Rocks south of the shear 
zone contain both Paleo- and Mesoproterozoic intrusive rocks. No known plutons of 
Mesoproterozoic age occur north of this structure in the Picuris, Tusas, or Taos ranges 
(Figs. 2.2-2.4 and 2.6). Abundant pegmatites crop out north of the Plomo-Pecos shear 
zone in the central and southern Tusas Mountains and the southern Picuris Mountains 






Pegmatites in the Cimarron Mountains are interpreted as emplaced synkinematically with 
respect to top-to-the-north reverse shear and are dated at 1.42 Ga (Pedrick et al., 1998). 
These pegmatites are interpreted to represent partial melting of local host rock (Pedrick et 
al., 1998). It is possible that other pegmatite bodies in the region are products of 
differentiation of a pluton, but feeder plutons are not presently exposed north of the 
Plomo-Pecos shear zone. 
2.3.3 Regional and Local Pressure-Temperature Conditions 
Regional constraints on metamorphic pressure and temperature conditions are 
provided by the local coexistence of all three Al2SiO5 polymorphs (Figs. 2.2 and 2.6; 
Grambling, 1981). Aluminosilicate polymorph isograds are shallowly dipping and cut 
across folds and shear zones, suggesting peak metamorphism occurred after most 
deformation (Grambling, 1981; Karlstrom and Bowring, 1988; Williams, 1991; Read et 
al., 1999). In rocks with all three polymorphs, kyanite is texturally the earliest, followed 
by sillimanite. Andalusite is undeformed to weakly deformed and overgrows kyanite and 
sillimanite (Daniel and Pyle, 2006).  
Andalusite is the stable Al2SiO5 polymorph in the southern Picuris Mountains 
(Grambling and Williams, 1985; Wingstead, 1997; Williams et al., 1999). The schists, 
amphibolites, and pelites of the southern Picuris Mountains are inferred to have followed 
an isobaric P-T path through the andalusite stability field, with peak temperatures less 
than 600 oC (Grambling and Williams, 1985; Williams et al., 1999). In the southern 
Tusas Mountains at Cerro Colorado, Barnhart et al. (2012) have argued that the rocks 
decompressed in the sillimanite stability field from ~6 kbar to ~4 kbar at temperatures 






textures of rocks at Cerro Colorado could be explained by isobaric heating at pressures of 
~3 to 4 kbar, with peak temperatures less than ~650 oC. The stable polymorph in the Big 
Rock area of the central Tusas Mountains is kyanite, giving minimum pressures of 4.5 to 
5.5 kbar (Simmons et al., 2011). Peak pressures are likely not more than 7 kbar 
(Grambling and Williams, 1985; Hunter, 2013). Simmons et al. (2011) reported oxygen 
isotope thermometry for quartz-kyanite pairs of 530 – 590 oC from outcrops within 200 
meters of our samples.  
Evidence for slow cooling following regional metamorphism at ~1.4 Ga is displayed 
in 40Ar/39Ar dates in hornblende, muscovite, and biotite throughout the region 
(Grambling and Dallmeyer, 1993; Karlstrom et al., 1997; Shaw et al., 2005). These ages 
show a distribution between ~1.44 and 1.0 Ga (Figs. 2.4 and 2.5). The only exceptions to 
the pattern of argon dates in northern New Mexico are an 40Ar/39Ar age of 1692 ± 2 Ma 
in the Cimarron River canyon (Fig. 2.4), where metamorphic grade does not exceed 
middle greenschist facies (Grambling and Dallmeyer, 1993), and ~1670-1660 Ma 
40Ar/39Ar ages in the northern Tusas Mountains, north of the Spring Creek shear zone 
(Davis, 2010), also in greenschist facies rocks. The Cimarron River canyon samples 
come from greenschist-facies rocks in the hanging wall of the Fowler Pass shear zone, 
with a footwall composed of gneiss and migmatite with hornblende ages between 1433 
and 1421 Ma (Fig. 2.3; Grambling and Dallmeyer, 1993; Carrick, 2002). This suggests 
that the rocks northeast of the Fowler Pass shear zone represent Paleoproterozoic 
greenschist-facies arc rocks that were juxtaposed with the gneiss after 1430 Ma 








Figure 2.5 Relative probability and cumulative number diagrams for data shown in Fig. 2.4. Timing of 
Mazatzal and Yavapai orogenies is after Whitmeyer and Karlstrom (2007). Note that zircon crystallization 
ages in northern New Mexico display a single broad peak, consistent with the Yavapai orogeny. Oldest 
garnet age peak is interpreted as onset of prograde amphibolite facies metamorphism. Oldest hornblende 
age peak is interpreted as onset of cooling from metamorphic peak in high grade metamorphic rocks of the 
Cimarron Range, with later protracted cooling across the rest of the terrain. Oldest biotite and muscovite 
ages are interpreted to mark the end of high grade metamorphism during the Picuris Orogeny. Isotopic 
dates younger than the oldest muscovite and biotite cooling ages are interpreted to indicate tectonic 
reactivation and protracted slow cooling in the middle crust (Grambling and Dallmeyer, 1993; Karlstrom et 
al., 1997; Shaw et al., 2005).
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Figure 2.6. A map showing the geometry of Precambrian rocks and structures prior to Phanerozoic 
deformation, (Montgomery, 1953; Karlstrom and Daniel, 1993; Cather et al., 2006, 2011). The extent of 
Ortega Quartzite outcrops, Trampas Group outcrops, and ~1.4 Ga plutons are bracketed with arrows. The 
location of greenschist facies metamorphic rocks is indicated in shaded green. Note that Plomo-Pecos shear 
zone (“PPSZ”), Pilar shear zone (“PSZ”), and Spring Creek shear zone (“SCSZ”) all place stratigraphically 
younger rocks in hanging walls of ductile shear zones against older rocks in footwalls, despite recording 
reverse motion. This relationship requires that these shear zones cut already folded rocks. Constraints on 
the timing of amphibolite facies metamorphism based on U-Pb geochronology (Fig. 2.1) are also indicated. 
Major breaks in lithology, Lu-Hf age data, and distribution of plutons correspond to the locations of the 
Plomo-Pecos shear zone, the Pilar shear zone, and the Spring Creek shear zone. Chronologic data require 


















































































Table 2.1. Sample locations and mineralogy. Note, mineral abbreviations follow Kretz (1983). 
Sample 
Name 
Region Latitude Longitude Metamorph
ic Zone 
















11PIC21 southern  
Picuris 
36° 20'  
4.462" N 
106° 4'  
2.753" W 
Andalusite X X X X X X             X   X 
11TU9C southern  
Tusas 
36° 19'  
44.504" N 
106° 3'  
22.373" W 
Sillimanite X X X   X   X   X X X   X X   
11TU10C southern  
Tusas 
36° 19'  
44.504" N 
106° 3'  
22.373" W 
Sillimanite X X X   X   X   X X X   X   X 
11TU4A central  
Tusas 
36° 33'  
27.619" N 
106° 4'  
54.962" W 
Kyanite X X       X X           X     
11TU4B central  
Tusas 
36° 33'  
27.619" N 
106° 4'  
54.962" W 
Kyanite X X     X X X X X     X X     
11TU8A Central 
 Tusas 
36° 33'  
1.610" N 
106° 4'  
49.371" W 






2.4 Sample Descriptions 
We collected six garnet-bearing samples for microstructural interpretation and Lu-
Hf garnet dating. Two of these samples were also selected for isochemical phase diagram 
modeling. Table 2.1 gives sample locations and mineralogy. Samples come from the 
southern Picuris and southern and central Tusas ranges (Figs. 2.2-2.4). 
 The southern Picuris Mountains are composed of quartzofeldspathic schists, 
amphibolites, and minor pelites of the Vadito Group. These rocks are folded into east-
northeast trending tight to isoclinal folds. We dated a garnet-bearing feldspathic schist of 
the Vadito Group. The sampled outcrop is less than 0.5 km from the ~1673 Ma Rana 
quartz monzonite and about 3 km from the ~1450 Ma Peñasco pluton (Fig. 2.2; Daniel et 
al., 2013a, 2013b). 
 Samples in the southern Tusas Mountains were collected at Cerro Colorado, a 
mountain composed of red weathering metarhyolite of the Vadito Group that forms the 
core of an east-west trending anticline. Fe-rich and Mg-rich schists are found on the 
flanks of Cerro Colorado. We dated samples of Fe-rich schist from two localities: at one 
location porphyroblasts of garnet are mantled by sillimanite (11TU9C, Fig. 2.7); at the 
second location garnet porphyroblasts are mantled by staurolite (11TU10C, Fig. 2.7).  
 The Big Rock area of the central Tusas Mountains is composed of quartzo-
feldspathic schist, garnet-biotite pelitic schist, meta-conglomerate, and metarhyolite. 
These rocks are folded into northwest trending, north-northeast verging folds. Garnet-
bearing pelitic schist samples were collected from a layer within the Vadito Group (Figs. 
2.2-2.4). The pelitic schist varies in thickness from less than a meter to several tens of 






which are interpreted as a felsic metavolcanic sequence (Williams, 1991; Williams et al., 
1999; Simmons et al., 2011). 
 
2.5 Methods 
Oriented samples were collected in the field. From these samples, oriented thin 
sections were cut parallel to the lineation and perpendicular to the foliation, or 
perpendicular to both foliation and to crenulation cleavage axis in crenulated samples. 
Overprinting relationships and inclusion trails were carefully examined to determine the 
relative timing of porphyroblast growth relative to deformation fabrics found in the 
samples. We used the criteria outlined in Passchier and Trouw (2005) to classify 
porphyroblast-matrix relationships. This allows us to use Lu-Hf garnet ages to constrain 
the timing of deformation, because microstructures provide the strongest link between 
garnet growth ages and the timing of deformation.   
Isotope analysis took place at the Radiogenic Isotope and Geochronology 
Laboratory at Washington State University. Samples were crushed in a jaw crusher and 
then reduced to a medium sand size in a mortar and pestle. The crushed samples were 
then handpicked under a binocular microscope into ~250 mg garnet fractions and garnet-
free “whole rock” fractions. For each sample, two whole rock fractions were paired with 
two to four garnet fractions for analysis. Sample digestion followed the procedure 
described by Wolf et al. (2010). Samples were spiked with Lu-Hf tracers, and Lu-Hf 
separation followed procedures described by Vervoort et al. (2004) and Cheng et al. 
(2008). We measured isotopic ratios of both elements on a ThermoFinnigan© Neptune 






Washington State University. We calculated sample ages using Isoplot 3.7 (Ludwig, 
2003) using the 176Lu decay constant value of 1.867x10-11 (Scherer et al., 2001; 
Söderlund et al., 2004). Epsilon Hf values were calculated using 176Hf/177Hf and 
176Lu/177Hf CHUR values of Bouvier et al. (2008). 
Microprobe analyses were conducted on a JEOL8900 microprobe at Cornell 
University using an accelerating voltage of 15 KeV, a probe current of 20 nA, and a beam 
diameter of 10 µm for micas and 2 µm for other minerals. A minimum of 10 analyses 
were averaged for each mineral to produce an average mineral composition for the 
sample. 
In order to interpret Lu-Hf garnet ages in the southern Tusas Mountains, we 
constructed isochemical phase diagrams for the two samples from this study area using 
the Theriak-Domino software suite (de Capitani and Brown, 1987; de Capitani and 
Petrakakis, 2010) and the database of Holland and Powell (1998), including solution 
models by Mahar et al. (1997), Holland et al. (1998), Coggon and Holland (2002), 
Baldwin et al. (2005), and White et al. (2007). Whole rock chemistry was determined by 
X-ray fluorescence of sample 11TU9C and by mineral modes combined with electron 
microprobe analysis of sample 11TU10C. Both sample compositions have been corrected 
to remove the presence of tourmaline, which comprises 2% by mode of 11TU9C and 14% 
by mode of 11TU10C. Tourmaline is not included in the Holland and Powell (1998) 
database, and cannot be modeled. Isochemical phase diagram models run with un-
corrected compositions of these samples yield similar reaction topologies, but with 






thermodynamic data for tourmaline is highly desirable for thermodynamic modeling of 
B-bearing compositions. 
 
2.6 Relative Timing of Deformation and Metamorphism 
2.6.1 Microstructural Results 
Here we characterize porphyroblast-matrix relationships in each sample in order 
to rigorously tie foliation development during deformation with garnet growth during 
metamorphism. 
2.6.1.1 Southern Picuris Mountains 
Garnet crystals in the sample from the southern Picuris Mountains preserve 
inclusion-rich cores and less inclusion rich rims (Fig. 2.7a). The matrix foliation is 
defined by biotite, quartz, and feldspar. We interpret the matrix foliation as a first 
generation (S1) fabric. This foliation is deflected around the garnet crystals, consistent 
with shortening after garnet growth (Fig. 2.7a). Inclusion alignment within the garnet is 
weak to non-existent and cannot be traced into the matrix fabric, consistent with garnet 
growth prior to the development of the S1 matrix foliation. In contrast to the other dated 
samples, only one generation of foliation is apparent in the sample, although the Picuris 
Mountains are known to contain up to three generations of foliation (Grambling and 
Williams, 1985; Bauer, 2004; Daniel and Pyle, 2006).   
2.6.1.2 Southern Tusas Mountains 
We analyzed two samples from the southern Tusas Mountains in this study. We 

























































Figure 2.7. Photomicrographs illustrating microstructures of dated samples. Mineral abbreviations follow 
Kretz (1983). a) Sample 11PIC21 from the Picuris Mountains, showing garnet crystals with weak to no 
inclusion trails, with strong S1 matrix foliation deflected around garnet porphyrobasts. b) Sample 11TU9C 
from the southern Tusas Mountains, illustrating garnet with internal inclusion trails at high angle to matrix 
foliation. Sillimanite defines the S2 matrix foliation. Inclusion trails in garnet cannot be traced continuously 
into the matrix foliation. c) Sample 11TU10C from the southern Tusas, showing a texture consistent with 
the reaction garnet + muscovite = staurloite + biotite. Garnet contains weakly to un-aligned inclusions, 
which cannot be traced into the matrix. Foliation slanting from upper left to lower right in the field of view 
is interpreted as S2. Staurolite overgrows S2. d) Sample 11TU4A from the central Tusas, illustrating the 
three generations of foliation recognized across the study area. S1 is preserved in crenulated micas. S2 is 
defined by the alignment of quartz and mica grains, and runs near horizontal with respect to the field of 
view. S3 is expressed as spaced kink bands that run near vertical with respect to the field of view. A small, 
inclusion-poor garnet overgrows S2 foliation. e) Sample 11TU4B from the central Tusas, showing garnet 
with inclusion trails that can be traced into the matrix foliation. Inclusion and matrix foliation is interpreted 
as S2. S3 kink bands deflect S2 around the garnet. Note partial margarite rim around garnet. f) Sample 
11TU8A from the central Tusas, illustrating three generations of foliation. The white rectangle highlights a 
microlithon preserving S1. The dominant foliation, running across the field of view, is S2. Note that 
inclusion trails in garnet are continuous and parallel with matrix S2. S3 runs from top to bottom of the field 
of view as discrete kink bands and crenulations of S2. Biotite porphyroblasts also contain prominent S2 
























Figure 2.8. Electron microprobe X-ray element intensity maps for dated samples from this study (Hunter, 
2013). Color corresponds to manganese concentration, with warm colors representing higher concentrations. 
Sample names correspond to descriptions provided in Fig. 6. a) In sample 11PIC21 from the Picuris 
Mountains, note random orientation of inclusions within the euhedral garnet crystal. High Mn 
concentrations are located in the core of this garnet, with lower Mn concentrations at the rim. b) This round, 
anhedral garnet from southern Tusas sample 11TU9C preserves inclusion trails that are at a high angle to 
horizontal with respect to the field of view. Mn concentration does not vary systematically through the 
crystal. c) A garnet from sample 11TU10C in the southern Tusas is anhedral with embayed boundaries. 
Inclusions are weakly aligned. Mn concentration is uniform through most of the crystal, with a decrease in 
Mn concentration at the rim. d) Subhedral garnet crystals from central Tusas sample 11TU4A show a 
uniform Mn distribution. e) In sample 11TU4B from the central Tusas, note straight inclusion trails within 
the euhedral garnet. Mn concentrations are high in the center of the garnet, and decrease progressively 
towards the rim. f) A subhedral garnet from sample 11TU8A from the central Tusas preserves straight 




(11TU9C) and the garnet-staurolite schist sample (11TU10C) with the regional S2 
foliation. 
Garnet in the garnet-sillimanite schist is pervasively inclusion-rich and has planar 
to weakly curved inclusion traces (Fig. 2.7b). Garnet is mantled by aggregates of 
sillimanite and biotite. Sillimanite is lineated in a down dip orientation. The S2 matrix 
foliation is defined by this sillimanite. Inclusions in the garnet consist of elongate quartz, 
biotite and muscovite, which define a strong internal foliation within the garnet. This 
foliation is truncated at the garnet rims by the sillimanite coronas. The orientation of 
inclusion trails varies from garnet to garnet, and cannot be traced continuously into the 
matrix fabric. The sillimanite coronas surrounding the garnet crystals are asymmetric (Fig. 
2.7b), indicating top to the north thrust motion. Independent kinematic indicators within 
the sample include shear bands and asymmetric north-vergent micro-folds. Textures in 
the sillimanite schist sample indicate that garnet grew over a preexisting foliation, but 






Garnet from the garnet-staurolite schist commonly has inclusion-poor rims (Fig. 
2.7c). Inclusion trails within the garnet are weakly aligned, but locally curved, with rare 
microfolds preserved. Curved inclusion traces cannot be followed into the matrix fabric, 
even in garnet crystals without rims. This sample shows evidence for three foliations: S1, 
preserved as inclusions in some garnet crystals; S2, which forms the matrix foliation; and 
S3 crenulations of this fabric. Textures in the staurolite schist indicate that garnet grew 
prior to the development of the S1 foliation, or early in its development.  
Garnet crystals in both the garnet-staurolite schist and the garnet-sillimanite schist exhibit 
small compositional variation from core to rim, with lower Fe and higher Mn content in 
cores compared to rims (Fig. 2.8). These zoning profiles are typical of garnet that has 
been modified from original bell-shaped growth zoning by diffusion at high metamorphic 
grade, a process that acts to homogenize growth-related compositional variations 
(Woodsworth, 1977). 
2.6.1.3 Central Tusas Mountains 
We dated three samples of pelitic schist from the Big Rock area of the central Tusas 
Mountains (11TU4A, 11TU4B, and 11TU8A). Garnet crystals in 11TU4B and 11TU8A 
are inclusion rich, with abundant quartz inclusions, whereas in 11TU4A, garnet crystals 
are inclusion poor. A crenulated fabric that has been nearly completely transposed into 
the matrix foliation is locally preserved within mica rich domains (Fig. 2.7d, f). This 
crenulated fabric, S1, is the earliest fabric recognized in the samples. The matrix foliation, 
S2, is a differentiated crenulation cleavage defined by quartz and mica domains (Fig. 






In 11TU4B and 11TU8A, garnet preserves mineral inclusion trails that are commonly 
traceable from inside the garnet continuously into the matrix fabric (Fig. 2.7e, f). These 
relationships suggest that garnet grew after the S2 foliation developed. Spaced kink bands 
define S3 (Fig. 2.7d, f), which varies in intensity between samples. S3 is interpreted to 
post-date garnet growth because kink bands appear to be focused around rigid garnet 
prophyroblasts, and no evidence for S3 kink bands is observed within the garnet crystals. 
2.6.2 Interpretation: Relative Timing of Deformation and Metamorphism 
In total, we interpret the garnet-porphyroblast matrix relationships in the samples 
to indicate a progression in the timing of garnet growth relative to fabric development 
across the study area. Garnet within the andalusite zone of the Picuris Mountains grew 
before the development of S1 (Fig. 2.7a). Garnet in the staurolite schist within the 
sillimanite zone of the southern Tusas Mountains grew prior to or at the onset of S1 
formation (Fig. 2.7c). Garnet in the sillimanite schist from the southern Tusas Mountains 
grew after the development of S1, and before S2 (Fig. 2.7b). Within the kyanite zone of 
the central Tusas Mountains, garnet grew after S2 formation, but prior to S3 crenulation of 
S2 (Fig. 2.7d-f). 
Previous workers have noted the complex nature of fabric relationships within the 
Cerro Colorado area of the southern Tusas Mountains, and studies show that fabrics in 
this region likely represent a continuous deformation, with matrix fabrics that are 
composite rather than discrete (Williams, 1991; Williams et al., 1999). A heterogeneous 
progressive deformation may explain local differences in fabric development between the 






Overall, the samples in this study represent two stages of garnet growth relative to 
matrix foliation development. Samples from the Picuris and the southern Tusas 
mountainss show garnet growth pre- to post-S1 foliation, but prior to S2 development. 
Samples from the central Tusas Mountains display post-S2 garnet growth. These textural 
interpretations provide a structural framework for understanding the tectonic significance 
of the garnet growth ages. 
 
2.7 Absolute Timing of Metamorphism 
Here we present six Lu-Hf garnet isochrons and two isochemical phase diagram models 
and accompanying modal evolution diagrams. Garnet Lu-Hf age data place 
microstructural data presented above into an absolute time frame. This constitutes a 
critical test of competing hypotheses for the tectonic development of northern New 
Mexico. The change in relative timing of garnet growth with respect to fabric 
development across the study region could represent either a progressive deformation 
event or superposed deformation and metamorphism, depending on the absolute timing of 







Figure 2.9. Diagram showing Lu-Hf isochrons, including calculated ages, initial Hf, and εHf values. Data-
point symbols are larger than the 2σ uncertainties, which would be too small to illustrate in the diagram. 
Grey circles are points that are excluded from isochron age calculation, discussed in text, and correspond to 
italicized data points in Table 2. MSWD is mean square of weighted deviates. a) Sample 11PIC 21 is a 
schist from the southern Picuris Mountains. b) Sample 11TU9C is a sillimanite-garnet schist from the 
southern Tusas Mountains at Cerro Colorado. c) Sample 11TU10C is a staurolite-garnet schist from the 














































Age = 1456 ± 16 Ma
Initial 176Hf/177Hf = 0.28179 ± 12
EHf = -2.5 MSWD = 3.2












































































































Age = 1405 ± 4 Ma
Initial 176Hf/177Hf = 0.282091 ± 20
EHf = 7.1 MSWD = 1.4
Age = 1399 ± 9 Ma
Initial 176Hf/177Hf = 0.282084 ± 29
EHf = 6.7 MSWD = 0.6
Age = 1409 ± 14 Ma
Initial 176Hf/177Hf = 0.28230 ± 13
EHf = 14.6 MSWD = 5.1
Age = 1450 ± 6 Ma
Initial 176Hf/177Hf = 0.281916 ± 20
EHf = 1.9 MSWD = 0.5
Age = 1419 ± 19 Ma
Initial 176Hf/177Hf = 0.282028 ± 80






Table 2.2. Lu-Hf Isotope Data. a: Abbreviations G, garnet; WRB, whole rock by bomb digestion; WRS, 
whole rock by tabletop Savillex © digestion. b: Lu and Hf concentrations determined by isotope dilution, 
with uncertainties estimated to be better than 0.5%. c: Uncertainties for 176Lu/177Hf are estimated to be 
0.5% for the purpose of regressions and age calculations. d: 176Hf/177Hf ratios were corrected for 
instrumental mass bias using 179Hf/177Hf = 0.7935 and normalized relative to 176Hf/177Hf = 0.282160 
for JMC-475. e: Uncertainties for 176Hf/177Hf are within-run 1-sigma standard error. Errors calculated for 
ages (not shown) are based on external reproducibility of spiked whole-rock samples (176Hf/177Hf = 
0.01%) and within run errors (as reported above) added in quadrature. f: Ages calculated using the 176Lu 
decay constant value 1.867x10-11 (Scherer et al., 2001; Söderlund et al., 2004). g: Epsilon Hf values were 
calculated using 176Hf/177Hf CHUR(0) = 0.282785 and 176Lu/177Hf CHUR(0) = 0.0336 (Bouvier et al., 
2008). 













11PIC21: Southern Picuris 













G2 6.37 1.60 0.5673 0.297370 0.000005 
G3 6.36 1.61 0.5630 0.297274 0.000003 
G4 6.15 1.59 0.5509 0.297067 0.000004 
WRB 0.074 3.35 0.0031 0.281861 0.000003 
WRS 0.071 2.69 0.0038 0.281907 0.000004 
11TU9C: Southern Tusas, Cerro Colorado 







G2 5.01 2.68 0.2655 0.289101 0.000003 
WRB 0.227 3.52 0.0091 0.282325 0.000003 
11TU10C: Southern Tusas, Cerro Colorado 













G2 5.63 2.65 0.3019 0.290197 0.000005 
G3 5.56 2.57 0.3076 0.290366 0.000007 
G4 5.47 2.58 0.3008 0.290174 0.000005 
WRB 0.198 3.76 0.0075 0.282132 0.000004 







Table 2.2 Continued 
11TU4A: Central Tusas 


























G2 17.1 3.04 0.8031 0.303491 0.000004 
G3 17.1 2.82 0.8644 0.304813 0.000003 
G4 16.8 3.02 0.7927 0.303091 0.000004 
WRB 0.484 6.82 0.0101 0.282370 0.000003 
WRS 0.537 5.57 0.0137 0.282442 0.000003 
11TU4B: Central Tusas 









G2 20.2 2.67 1.076 0.311056 0.000004 
WRB 0.389 5.12 0.0108 0.282621 0.000004 
WRS 0.406 4.30 0.0134 0.282630 0.000003 
11TU8A: Central Tusas 













G2 12.4 6.27 0.2799 0.289543 0.000003 
G3 13.5 6.31 0.3042 0.290233 0.000005 
G4 12.6 6.37 0.2802 0.289491 0.000005 
WRB 0.552 6.65 0.0118 0.282375 0.000005 






2.7.1 Lu-Hf Garnet Geochronology Results 
Lu-Hf geochronology results are presented in Fig. 2.9 and isotopic information is 
given in Table 2. We produced six Lu-Hf isochrons. Calculated dates range from 1456 ± 
16 Ma to 1399 ± 9 Ma. Four of these dates are statistically robust: 11PIC21, 11TU9C, 
11TU10C, and 11TU4A. Two additional samples, 11TU4B and 11TU8A, have ages that 
are consistent with results from 11TU4A, but with slightly larger uncertainties. To a first 
order, samples can be divided into two age populations: a ~1450 Ma group and a ~1420-
1400 Ma group (Figs. 2.3, 2.5, and 2.9). In total, garnet ages are progressively younger to 
the north (Figs. 2.3 and 2.4). 
Two samples yield ~1450 Ma Lu-Hf ages: a schist from the southern Picuris 
Mountains and a schist from the southern Tusas Mountains. Sample 11PIC21 from the 
southern Picuris Mountains yields a statistically robust isochron at 1456 ± 16 Ma 
(MSWD = 3.2), with an initial 176Hf/177Hf ratio of 0.28179 ± 12 (εHf = -2.5 ± 4.2; Fig. 
2.9a). The isochron is defined by two whole rock and three garnet fractions. An isochron 
calculated using an additional garnet fraction yields an age of 1451 ± 26 Ma (MSWD = 
8.7). We use the isochron with higher precision in this paper, but note that there is no 
difference in geologic or tectonic interpretation between the two calculated ages. Sample 
11TU10C from the southern Tusas Mountains produces a robust isochron at 1450 ± 6 
Ma (MSWD = 0.5), defined by two whole rock and four garnet fractions (Fig. 2.9c), with 
a calculated initial 176Hf/177Hf ratio of 0.281916 ± 20 (εHf = 1.9 ± 0.7).  
Four samples fall within the ~1420-1400 Ma age group, and those samples are from 






Mountains produces a statistically robust isochron at 1399 ± 9 Ma (MSWD = 0.6) with 
an initial 176Hf/177Hf ratio of 0.282084 ± 29 (εHf = 6.7 ± 1.0; Fig. 2.9b). This isochron is 
defined by one whole rock and two garnet fractions. Note that this sample is collected 
within 1 km of 11TU10C (Figs. 2.2 and 2.4) and records a 51 m.y. younger age. All other 
samples in this age group are from the central Tusas Mountains. Sample 11TU4A yields 
a robust isochron at 1405 ± 4 Ma (MSWD = 1.4), defined by two whole rock and three 
garnet fractions, with an initial 176Hf/177Hf ratio of 0.282091 ± 20 (εHf = 7.1 ± 0.7; Fig. 
9d). An isochron calculated with one additional garnet fraction yields an age of 1401 ± 7 
Ma (MSWD = 4.5). We prefer the isochron calculation with higher precision, but there is 
no difference in geologic or tectonic interpretation between these two results. Sample 
11TU4B produces an isochron at 1409 ± 14 Ma, defined by two whole rock and two 
garnet fractions (Fig. 2.9e), with a slightly higher MSWD of 5.1. This sample has an 
initial 176Hf/177Hf ratio of 0.28230 ± 13 (εHf = 14.6 ± 4.6). A third sample from the 
central Tusas Mountains, 11TU8A, produces an isochron at 1419 ± 19 Ma, defined by 
two whole rock and four garnet fractions. It also has a slightly higher MSWD value (4.4), 
with an initial 176Hf/177Hf ratio of 0.282028 ± 80 (εHf = 5.1 ± 2.8 Fig. 2.9f). 
2.7.2 Pressure-Temperature Path and Modal Evolution Results 
Isochemical phase diagrams were calculated for the two garnet-bearing samples 
from the southern Tusas Mountains to understand the differences in the textures of these 
rocks, and how this may relate to the significant difference in Lu-Hf age between the two 
samples. P-T paths and modal evolution diagrams were modeled for both samples from 






of dissolution involved in the garnet-consuming reactions documented by Barnhart et al. 
(2012) in this region. We calculated mineral modes by point counting in each sample to 
provide an independent constraint on modes estimated by isochemical phase diagram 
modeling. Figure 10 shows an example P-T path, modeled for both samples, involving 
decompression from 6 to 4 kbar and heating from 450 to 600 o C. This path is assumed to 
be linear for ease and clarity in modeling. This path produces mineral assemblages that 
are consistent with thin section observations of assemblages and reaction textures. Both 
heating and decompression alone lead to a decrease in garnet mode, but a path involving 
both heating and decompression fits the observed modes and textures best, including late 
staurolite growth relative to muscovite and plagioclase, delayed sillimanite growth 
relative to garnet, and the intergrowth of muscovite and biotite in both samples. The 
modeled P-T path is consistent with the conclusions of Barnhart et al. (2012).  
Modal evolution diagrams show quantitative changes in the abundance of major 
metamorphic minerals along the calculated P-T trajectory. Note that the model for the 
sillimanite-schist sample (11TU9C) shows an ~80% decrease in garnet mode between the 
point of maximum garnet abundance and the inferred peak mineral assemblage (Fig. 
2.10). The model for the staurolite-schist sample (11TU10C) shows a ~20% decrease in 
garnet mode over the same P-T interval (Fig. 2.10). These mineralogical changes are 
similar to what we estimate based on mineral modes and reaction stoichiometry. Notably, 
not all garnet in the staurolite schist is rimmed by staurolite, whereas all garnet crystals in 
the sillimanite schist are mantled by coronas of sillimanite, an observation consistent with 
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Figure 2.10. Isochemical phase diagram models of southern Tusas Mountains samples generated using 
Theriak-Domino software suite (de Capitani and Petrakakis, 2010). a) Isochemical phase diagram of 
sample 11TU9C showing equilibrium mineral assemblages over a range of pressure and temperature 
conditions. The modeled P-T path designed to simulate a clockwise loop of heating and decompression is 
shown with a black and white arrow. Stability fields the rock is inferred to have passed through based on 
modal and textural observations are highlighted in light grey. The inferred peak mineral assemblage is 
shown in dark grey. Dashed arrows labeled “Barnhart” are P-T paths inferred by Barnhart et al. (2012) for 
sillimanite and staurolite schists at Cerro Colorado. Arrow labeled “Bishop” is P-T path for Cerro Colorado 
area inferred by Bishop (1997). b) Modal evolution diagram of sample 11TU9C showing changes in 
mineral abundance as the sample travels along the proposed P-T path. Changes in the modal abundance of 
an individual mineral can be traced by a labeled grey line. Equilibrium mineral assemblages highlighted in 
section a) are indicated by the same shade as above. c) Isochemical phase diagram of sample 11TU10C 
showing equilibrium mineral assemblages over a range of pressure and temperature conditions. The 
modeled pressure-temperature path indicated by the black and white arrow is the same path shown in 
section a). A stability field the rock is inferred to have passed through based on modal and textural 
observations is highlighted in light grey. The inferred peak mineral assemblage is shown in darker grey. d) 
Modal evolution diagram of sample 11TU10C showing changes in mineral abundance as the sample travels 
along the proposed P-T path. Changes in the modal abundance of an individual mineral can be traced by a 
labeled grey line. Equilibrium mineral assemblages highlighted in section c) are indicated by the same 
shade as above.
 
2.7.3 Interpretation: Absolute Timing of Garnet Growth 
We interpret the majority of the Lu-Hf ages in this study to record the onset of 
garnet growth in the sample. The closure temperature for the Lu-Hf system is higher than 
the peak metamorphic temperatures recorded in our samples (e.g., Scherer et al., 1997; 
Kylander-Clark et al., 2007; Wolf et al., 2010; Smit et al., 2013), meaning that if the Lu-
Hf system remains undisturbed within the sampled garnet, the calculated age should 
reflect the onset of garnet growth. This interpretation is supported by the observation that 
the majority of our garnet crystals have compositional zoning profiles characteristic of 
growth zoning (e.g., Hollister, 1966), with the exception of the two samples from the 
southern Tusas Mountains (Fig. 2.8). 
Lu-Hf garnet ages in this study are restricted to a period between 1456 and 1399 
Ma (Figs. 2.3-2.5 and 2.9) and can be divided into two age groups, as discussed above. 
Both ~1450 Ma samples (11PIC21 and 11TU10C) are located in the hanging wall of the 






zone (11TU9C) yields a 1399 Ma age (Fig. 2.3). All samples in the footwall of this shear 
zone yield Lu-Hf ages between 1419 and 1405 Ma (Fig. 2.3; 11TU4A, 11TU4B, 
11TU8A). With the exception of the “young” hanging wall sample, discussed in detail 
below, garnet growth is separated by ~30-50 Ma across the Plomo-Pecos shear zone. The 
clearest pattern in Lu-Hf garnet age populations is based on this structural relationship. 
2.7.4 Interpretation: Lu-Hf Ages of Partially Resorbed Garnet 
Two samples from the southern Tusas Mountains, 11TU9C and 11TU10C, yield 
ages separated by 51 Ma (Figs. 2.3 and 2.9). The two samples are in the hanging wall of 
the Plomo-Pecos shear zone, as described above. They were collected less than 1 km 
apart (Figs. 2.2 and 2.4), and have the same mineralogy (Table 1), but different mineral 
modes. Both of these samples have distinct garnet-porphyroblast textures indicative of 
partial garnet resorption: in one sample garnet is mantled by sillimanite, and in the other 
sample garnet is locally mantled by staurolite (Fig. 2.7). No other samples in our age 
dataset display textures consistent with partial garnet resorption. Barnhart et al. (2012) 
attribute the textural difference between staurolite and sillimanite rims on garnet to 
differences in peak temperature, although the temperature difference does not need to be 
large. Isochemical phase diagram models in this study suggest that the two samples could 
have followed the same pressure-temperature path, and that differences in bulk 
composition could account for differences in texture and mineral modes (Fig. 2.10). 
The 51 m.y. age difference recorded by these samples may be explained in two 
ways: either both ages record the onset of garnet growth, meaning the garnet grew at two 
separate times in this location, or the Lu-Hf system has been disturbed in one or both 






hypothesis, involving separate garnet growth ages, is less likely for several reasons. First, 
initial garnet-growing reactions occur at low metamorphic grades in Mn-bearing pelitic 
bulk compositions (Spear and Cheney, 1989; Symmes and Ferry, 1992). Second, our 
isochemical phase diagram models predict that both samples should contain garnet over 
the P-T paths independently constrained by other workers (e.g., Bishop, 1997; Barnhardt 
et al., 2012). Third, mineral assemblages and textures are consistent with these rocks 
having followed similar P-T paths (Fig. 2.10). Fourth, field evidence does not support the 
presence of a tectonic structure separating the sample locations, making it unlikely the 
two samples evolved along vastly different P-T paths. 
Kelly and others (2011) have proposed that garnet resorption may disturb the Lu-
Hf isotopic system, providing a potential explanation for the age discrepancy documented 
here. They argue that Lu partitions strongly into garnet and, depending on the rate of 
garnet resorption, Lu diffusivity is fast enough to allow transport into the rims of relict 
garnet crystals, resulting in net Lu retention. Because Hf does not partition strongly into 
garnet, and because Hf diffusivity in garnet is slower than that of Lu, Hf may be lost from 
a partially resorbed garnet, provided there is a proximal sink for that Hf (Kelly et al., 
2011). Kelly and others (2011) modeled progressive garnet dissolution in scenarios where 
some or all Lu from the resorbed portion of the garnet is retained in the relict crystal, and 
all of the Hf from the resorbed portion of the garnet is lost to matrix minerals. In these 
models, increasing garnet resorption produces progressively younger Lu-Hf ages because 
of the magnitude of Hf loss compared to Lu retention. As resorption progresses in these 






Several observations and interpretations support the resorption-disturbed model 
for the two southern Tusas Mountains samples from this study. First, samples 11TU9C 
and 11TU10C display coronas of sillimanite and staurolite respectively around garnet 
porphyroblasts (Fig. 2.7). These coronas represent garnet resorption, such as by the 
reactions garnet + muscovite = sillimanite + biotite and muscovite + garnet = biotite + 
staurolite respectively (Barnhart et al., 2012). Second, Mn concentration profiles in 
garnet from both samples are consistent with modification by thermally activated 
diffusion at high-temperature (Fig. 2.8; Woodsworth, 1977), rather than the bell-shaped 
Mn profile expected for growth zoning produced by Rayleigh fractionation (Hollister, 
1966). Third, we estimate the amount of garnet resorbed in each sample based on mineral 
modes, reaction stoichiometry, and isochemical phase diagram models (Fig. 2.10). These 
estimates suggest that in the sample with a Lu-Hf age of 1399 Ma (11TU9C), about 80% 
of the initial garnet population was consumed during heating and decompression through 
the reaction described above (Fig. 2.10; Barnhart et al., 2012). By contrast, in the 1450 
Ma sample (11TU10C), only ~20% of the initial garnet population was resorbed during 
metamorphism (Fig. 2.10). Fourth, ilmenite crystals exist in the sillimanite-dominated 
coronas of 11TU9C, while hematite is the documented oxide in all other samples, 
including 11TU10C (Table 1). Studies document the diffusion of Ti out of garnet into 
rutile and ilmenite at high temperatures (Ague and Carlson, 2013; Ague and Eckert, 
2012). Since Hf is also highly charged, it may exhibit similar diffusive behaviors. We 
propose that ilmenite in coronas around garnet may serve as a sink for Hf in 11TU9C. 
Based on these observations, it is possible that the resorption-disturbed model 






between the two southern Tusas Mountains samples. First, a larger volume of garnet was 
resorbed in the 1399 Ma sample (11TU9C) compared to the 1450 Ma sample (11TU10C; 
Fig. 10). Kelly et al. (2011) demonstrate that when other conditions are held constant, a 
greater degree of resorption produces a younger age. Second, the 1399 Ma sample 
(11TU9C) contains ilmenite in garnet coronas, while the 1450 Ma sample (11TU10C) 
contains hematite. Samples containing ilmenite may undergo a greater disturbance in the 
Lu-Hf system if ilmenite serves as a Hf sink, while hematite does not. Future work will 
focus on modeling the effects of diffusion on this set of garnet ages. In this interpretation, 
initial garnet growth took place at similar times in both samples from the southern Tusas 
Mountains, and the 1450 Ma date is closer to the initial garnet growth age of the entire 
garnet population in the area. All three samples from the hanging wall of the Plomo-
Pecos shear zone may be consistent with initial garnet growth at ~1456 Ma, as reflected 
in the undisturbed Lu-Hf age of the Picuris Mountains sample. Note that recent studies of 
Lu and Hf diffusivity in garnet (Bloch et al., 2015; Bloch and Ganguly, 2015) suggest 
that in garnet crystals that have not undergone resorption, slower Hf diffusivity may 
result in preferential daughter product retention at high temperatures. This process would 
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Figure 2.11. Schematic tectonic model for the sequential development of the Picuris orogeny. a) Illustrated 
cross section showing deposition of the Trampas Group uncomformably on the Paleoproterozoic Hondo 
and Vadito groups (Daniel et al., 2013a and 2013b). Panels b) through d) show the sequential time steps in 
the tectonic development of the region. Each time step displays the inferred P-T conditions (Hunter, 2013), 
garnet textures, and schematic cross section for the time interval represented. b) Inferred P-T conditions for 
metamorphic rocks between ~1460 and 1440 Ma. Schematic sketches of garnet textures inferred at the time 
of garnet growth. Garnet sketches from the southern Picuris (1) and southern Tusas (2) are labeled with Lu-
Hf garnet age. Cross section shows early thrusting, development of overturned to recumbent folds, 
deposition of the synorogenic Marqueñas Formation (Jones et al., 2011; Daniel et al., 2013a and 2013b), 
and the formation of S1 foliation. c) Divergent P-T paths for different parts of the terrane are labeled with 
location numbers 1 through 3. Garnet microstructure sketches show the effects of progressive deformation 
on garnet from the Picuris (1) and southern Tusas (2) ranges, as well as the inferred geometry of garnet 
textures at the time of growth in the central Tusas Mountains (3). Cross section shows upright folding and 
development of S2 foliation during regional penetrative ductile deformation. d) Complete P-T paths 
followed by samples discussed in this study. Sketches of garnet crystals in their present geometries are 
organized by metamorphic zone. Cross section shows final phase of north-directed, high angle thrusting, 
and development of S3 crenulation cleavage. The final geometry of the Al2SiO5 isograds, cross-cutting 
structures, is shown (Grambling, 1981; Grambling and Williams, 1985; Read et al., 1999). Note that the 
gross geometry of structures in the schematic model panels is similar to previous studies (e.g., Williams, 
1991; Williams et al., 1999; Shaw and Karlstrom, 1999) but that the timing of sedimentation, 
metamorphism, and deformation is fundamentally different.
 
2.8 Discussion and Tectonic Model 
Microstructural interpretation and Lu-Hf age data provide new constraints on the 
timing of metamorphism and deformation in the triple point terrane of New Mexico. Age 
results and textural interpretations show strong evidence for a single episode of 
amphibolite facies metamorphism in the study area. Further, we document younging in 
relative and absolute garnet growth from south to north across the study area. These 
results strongly support a model in which deformation and metamorphism in northern 
New Mexico are the result of a single progressive Mesoproterozoic tectonic event. 
Here we present a schematic tectonic model for the Picuris orogeny based on 
geochronologic, structural, and metamorphic constraints shown in this study (Fig. 2.11). 
We believe these data are consistent with a contractional orogen featuring phases of both 
heterogeneous crustal thickening and of thrusting. This tectonic model serves as a 






southwestern North America. While this model applies to northern New Mexico, we 
think it is possible that the orogeny outlined here affected a larger area of southwestern 
North America. Future work will focus on constraining the boundaries of this orogen.  
The tectonic model presented here shows rapid burial and metamorphism of 
crustal material, followed by folding, and then decompression in the hanging walls of 
ductile shear zones. Decompression of blocks to the south buries foreland basin material 
to the north. The supracrustal foreland basin rocks are metamorphosed and incorporated 
into the footwalls of thrust faults and reverse shear zones. All high-temperature 
metamorphism in the region is achieved by crustal thickening during a single, progressive 
tectonic event, and peak metamorphism postdates regional deformation. In this model, 
locations that record greenschist-facies metamorphism provide windows into earlier arc 
formation processes. The tectonic model presented here requires fundamental changes to 
models for the timing of crustal formation and assembly of North America in the 
Proterozoic.    
Zircon crystallization and detrital zircon age data show that the sedimentary and 
extrusive igneous protoliths for the Trampas Group were at the surface circa 1480 Ma 
(Daniel et al. 2013b) and the sedimentary protoliths for the Marqueñas Formation were at 
the surface circa 1450 Ma (Fig. 2.11; Jones et al., 2011; Daniel et al., 2013a). Because the 
Marqueñas is inferred to lie unconformably on the Vadito Group, it is likely that the 
Vadito Group rocks were also at or near the surface at this time. The Trampas and 
Marqueñas groups are critically important in understanding the tectonic history of the 
region because they are poly-deformed, have structures compatible with those found in 






The Peñasco pluton intruded and crystallized at 1450 Ma and is the only ~1400 
Ma pluton exposed in the Picuris, Truchas or Tusas Mountains. The Peñasco pluton is 
mantled by a thin contact aureole defined by sillimanite; a contact-parallel foliation exists 
in both country rocks and within the pluton (Bauer, 1993; Bauer and Helper, 1994; Bauer, 
2004). The pluton is variably foliated, with a weak foliation in its interior, and a 
composite fabric at its margins interpreted to represent both magmatic and solid-state 
structures (Bauer, 1993; Bauer and Helper, 1994). The presence of both magmatic and 
solid state foliations in the pluton implies the transition from magmatic to solid state flow, 
one of the key characteristics of syntectonic plutons (Paterson et al., 1989; Karlstrom et 
al., 1993).   
Earliest garnet growth within the Vadito Group occurred at 1456 ± 16 Ma (Fig. 
2.8a), which is within statistical error of the youngest documented detrital zircon ages in 
the Marqueñas and the crystallization age of the Peñasco pluton (Jones et al., 2011; 
Daniel et al., 2013a, 2013b). This early garnet growth age is from a sample collected in 
the Picuris Mountains, within 3 km of the sample location used for detrital zircon studies 
(Table 1; Jones et al., 2011; Daniel et al., 2013a) and within 2 km of the Peñasco pluton. 
This earliest garnet growth age is in the hanging wall of the Plomo-Pecos shear zone. We 
interpret that garnet growth in this sample took place early in the prograde P-T path (Fig. 
2.11) based on apatite and epidote inclusions in garnet and the pre- to syn-S1 inclusion 
textures preserved in the garnet crystals (Fig. 2.7a). Peak metamorphic pressure and 
temperature conditions recorded in these rocks post-date this early garnet growth age, an 
interpretation supported by regional isograd geometries (Grambling, 1981; Karlstrom and 






deposited syntectonically, and both the Vadito and Marqueñas undergo continued burial 
during thrusting and folding correlated with the development of S1 and S2 foliations. The 
Marqueñas Formation is overturned (Bauer and Helper, 1994), consistent with regional-
scale folding following deposition. Further work is needed to constrain the structural 
relationship between the Vadito Group and the Marqueñas Formation in the southern 
Picuris Mountains. The structural configuration of these units is key in testing the 
tectonic model proposed in this study.  
We note that in this tectonic model, decompression along ductile shear zones such 
as the Plomo-Pecos shear zone does not take place until circa 1400 Ma. This is 
constrained in part by the disturbed 1399 Ma Lu-Hf age from the hanging wall of the 
Plomo-Pecos shear zone. This date provides a maximum age for top-to-the-north shearing 
in the sillimanite stability field, assuming that the Lu-Hf isochron age of a resorbed 
sample approaches the age of the resorption event as more of the garnet crystal is 
consumed (Kelly et al., 2011). We interpret the disturbed 1399 Ma sample to represent 
high temperature motion during decompression. Decompression of the hanging wall 
during deformation is a common feature of numerical models for metamorphism during 
crustal shortening (e.g., England and Thompson, 1984; Beaumont et al., 2001), and is 
documented in many modern orogenic belts (Spear et al., 1984; Daniel et al., 2003). 
Monazite and zircon ages also constrain regional upper amphibolite metamorphism and 
crustal anatexis in the Taos, Cimarron, Rincon, and northern Picuris ranges to 1430-1420 
Ma (Pedrick et al., 1998; Read et al., 1999; Kopera, 2003; Daniel and Pyle, 2006).  
The progression of garnet ages relative to fabric formation across the study area 






to the period after latest sediment input circa 1460 Ma and overlapping with, or 
immediately following, garnet growth circa 1456 Ma (Fig. 2.11a and 2.10b). S2 fabric 
development is restricted to the period prior to garnet growth documented between 1419 
and 1405 Ma in the kyanite zone of the central Tusas Mountains (Fig. 2.11c). We 
interpret the S1 and S2 foliations to represent deformation that took place during burial 
achieved by thrusting and heterogeneous crustal thickening (Fig. 2.11b and c). S3 
foliations developed after garnet growth began (Fig. 2.11d). Samples in the hanging wall 
of the Plomo-Pecos shear zone preserve pre- to post-S1 garnet growth textures, while 
samples in the footwall preserve post-S2 garnet growth textures, consistent with 
metamorphism post-dating contractional deformation, as predicted by thermal models for 
thrust belts (England and Thompson, 1984).  
Structures within the Marqueñas Formation and Trampas Group are also 
compatible with major crustal shortening. We infer that the Marqueñas Formation was 
deposited syntectonically on the hanging wall of the Plomo-Pecos shear zone while the 
Trampas Group was being loaded in the footwall. In the southern Picuris Mountains, the 
Marqueñas is overturned and dips steeply south. The northern side of the Marqueñas is 
the lithologic fault contact with the Piedra Lumbre schist and Pilar phyllite of the 
Trampas Group. The Piedra Lumbre is imbricated between the Marqueñas and the Pilar 
phyllite, but the Piedra Lumbre is everywhere upright, and faces to the south. This 
stratigraphic relationship of younger overturned rocks in the hanging wall and upright 
older rocks in the footwall requires the shear zone to cut across previously folded rocks, 
consistent with the present trace of the Plomo-Pecos shear zone being late- to post-S2 






major break in lithology and magmatic history across the entire width of the southern 
Sangre de Cristo Mountains (Figs. 2.2-2.4 and 2.6). 
 Metamorphic constraints require burial of the Hondo and Trampas groups to 
depths of 15 to 25 km with high geothermal gradients. An important remaining question 
is the source of heat to drive high-temperature, low-pressure metamorphism that resulted 
in the generation of triple point mineral assemblages. Heat advection by plutons could 
provide the needed heat source to drive the enhanced geothermal gradient (Shaw et al., 
2005; Depine et al., 2008). However, as pointed out by Shaw et al. (2005), the lack of 1.4 
Ga plutons associated with the highest-grade rocks is problematic. Shaw and others (2005) 
inferred that high-grade rocks in northern New Mexico lay below a now eroded mid-
crustal layer intruded by 1.4 Ga plutons, which are abundant to the north and south of the 
study area. We suggest that the pattern of metamorphic isograds, folds, faults, and shear 
zones is most consistent with a deeply rooted, north-vergent, contractional orogenic belt, 
and that these high grade metamorphic rocks represent the deeply buried footwall of the 
belt. The presence of Mesoproterozoic supracrustal rocks in the metamorphic terrane 
coupled with 1.45 to 1.40 Ga prograde garnet growth in the basement to the supracrustal 
rocks points to the consumption of a Mesoproterozoic foreland basin or thrust top basin 
during crustal shortening. Decompression in the northern Picuris Mountains is 
approximately 1 kbar (Daniel and Pyle, 2006), whereas in the southern Tusas Mountains 
it is approximately 2 kbar. This magnitude of decompression, if attributed to erosion 
alone, corresponds to approximately 3 to 6 km of sediment removal. The relationship of 
this orogenic belt to the genesis of 1.4 Ga plutons is still unknown. However, this orogen 






in central New Mexico and southern Colorado. The identification of a contractional 
orogenic belt in southwestern North America during the Mesoproterozoic is critical in 
understanding the voluminous 1.4 Ga pluton record, which extends across North America 
from Mexico to eastern Canada. A thorough understanding of the Picuris orogeny may 
lead to new interpretations of the assembly of the Laurentian continent in the Proterozoic. 
 
2.9 Conclusions 
Lu-Hf garnet ages from Proterozoic rocks in northern New Mexico show 
evidence for amphibolite-facies metamorphism between 1.45 and 1.40 Ga. This result is 
fundamentally important in understanding this classic Al2SiO5 triple point terrane 
because it demonstrates that the deformation fabrics, mineral assemblages, and isograds 
were formed during a single progressive tectonic/metamorphic event, and are not the 
result of superposed events separated by ~200 Ma, as previously interpreted (Williams 
and Karlstrom, 1996; Pedrick et al., 1998; Williams et al., 1999; Read et al., 1999; 
McCoy et al., 2005; Shaw et al., 2001; Larson and Sharp, 2005). Our results highlight the 
need to date minerals that can be unambiguously tied to deformation and metamorphism. 
These findings provide strong evidence that the Picuris orogeny (Daniel et al., 2013b) 
was responsible for forming both crustal-scale structures and metamorphic isograds 
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CHAPTER 3. CONVERGENT AND COLLISIONAL OROGENESIS IN NORTH 
AMERICA FROM 1.5 TO 1.3 GA 
3.1 Abstract 
Here we present a comprehensive tectonic model for North America between 1.81 
and 1.35 Ga that shows convergent margin tectonism produced the spatial and temporal 
distribution of igneous rocks on the continent. Large volumes of juvenile crust were 
added to North America during the Paleo- and Mesoproterozoic, and crust was also 
reactivated and recycled during this time (Hoffman, 1988; Bowring and Karlstrom, 1990; 
Whitmeyer and Karlstrom, 2007). Ferroan igneous rocks, or A-type granites, are 
abundant in Mesoproterozoic North America (e.g., Anderson, 1983; Anderson and 
Cullers, 1989; Bickford et al., 2015). Ferroan rocks were once considered the fingerprint 
of extension or hotspot volcanism (Anderson, 1983; Windley, 1993; Frost and Frost, 
1997; Vigneresse, 2005), but recent work shows that Mesoproterozoic ferroan granites 
instead record subduction zone processes (Rivers, 1997; Rivers and Corrigan, 2000; 
Gower and Krogh, 2002; Menuge et al., 2002). Our tectonic model shows that the Eastern 
Granite Rhyolite (EGR) province of the central U.S. developed as a paired arc and back-
arc complex during the 1.51-1.45 Pinware orogeny in eastern North America. 
Magmatism then migrated to the southwest U.S., where definitive evidence exists for 
convergence, transpression, and crustal thickening during the 1.48-1.36 Ga Picuris 






occurred when the Southern Granite Rhyolite (SGR) province collided with North 
America and indented its southern margin. In our model, this collision created the overlap 
between the Paleoproterozoic Yavapai and Mazatzal orogens in the southwest. 
 
3.2 Introduction 
Large volumes of crust were added to North America during the Proterozoic along 
its convergent southern margin (Hoffman, 1988; Whitmeyer and Karlstrom, 2007). The 
igneous rocks of this era have commonly been divided into populations based on either 
age or chemistry. Some of these classifications are based on the timing of specific 
orogenic events, such as plutons associated with the ~1.8-1.6 Ga Yavapai and Mazatzal 
orogenies in the southwest, the ~1.8 Ga Penokean in the midcontinent, and the ~1.7-0.8 
Ga Labrador, Pinware, and Grenville orogenies in the northeast (Fig. 3.1; Bowring and 
Karlstrom, 1990; Van Schmus et al., 1996; Gower and Krogh, 2002; Whitmeyer and 
Karlstrom, 2007). The chemically distinct ferroan igneous rocks form a wide belt 
extending from southern California to eastern Canada (e.g., Anderson, 1983), and have 
crystallization ages spanning ~1.7 to 1.0 Ga (Windley, 1993). Workers consider the 
ferroan granites enigmatic because they do not follow a clear age progression, such as 
what would be expected of a hotspot track (Anderson, 1983). Here we demonstrate that 
these rocks do exhibit distinct geographic patterns, which are compatible with models of 
a long-lived convergent margin along the southern margin of Proterozoic North America 
(Nyman et al., 1994; Karlstrom et al., 2001; Whitmeyer and Karlstrom, 2007). 
 Here we present a model of the tectonic evolution of North America between 1.81 






A continent-scale model is now possible because of the large collection of age data 
generated in the last 30 years, and especially thanks to regional age compilations of 
igneous rocks in the midcontinent and the northeast (Bauer and Pollock, 1993; Rivers, 
1997; Gower and Krogh, 2002; Karlstrom et al., 2004; Hunter, 2013; Bickford et al, 
2015). We have built a database of 465 igneous zircon U-Pb crystallization ages from the 
literature (Appendix A), using both preexisting regional age compilations and individual 
sources that have not been aggregated previously. The dataset spans eastern California to 
eastern Canada, and is meant to be a comprehensive representation of available age data, 
but is not exhaustive. We have plotted the location of these samples on a map of North 
America, and partitioned the data into time intervals based on geographically distinct 
distributions of the ages. This continent-scale model reveals new patterns in the age data. 
We construct a revised tectonic model for the Yavapai, Mazatzal, Pinware, and Picuris 
orogenies based on spatial distributions in each time increment, and then we compare this 
model to existing geologic data. This tectonic model can account for geologic features, 







Figure 3.1. Map of Precambrian provinces of North America, modified from Jones et al. (2015) and 
Whitmeyer and Karlstrom (2007). A) Shows province names and is color coded by age. Slave, Superior, 
Wyoming, Medicine Hat, Nain, and possibly Mojave are Archean in age. The Wopmay is 2.0-1.8 Ga; the 
Trans-Hudson and Penokean are 1.9-1.8 Ga; the Yavapai is 1.8-1.7 Ga; the Mazatzal is 1.7-1.6 Ga; the 
Southern Granite Rhyolite (SGR) is 1.39-1.34 Ga; the Eastern Granite Rhyolite (EGR) is 1.5-1.4 Ga; the 







The U-Pb zircon age database we present is compiled from existing literature using 
the following criteria: we use the “best age” reported, either concordia or weighted mean, 
depending on the population and the measurement technique; no discordant ages are 
included in the database. Data points with errors greater than ± 20 Ma were excluded 
from the database (note that this is a ~1.1% error on a measurement of 1800 Ma, and a 
~1.5% error on a measurement of 1350 Ma). Points with no reported error or with a 
reported error of 0 Ma were also excluded. We plotted points on a map of North America 
using a NAD27 datum, and reconciled any location discrepancies using the United States 
Geological Survey (2015) state geologic map compilation as a consistent basemap for 
lithologic units and locations. Note that error in data point placement is much smaller 
than the size of the plotted symbol boxes. We grouped data into 10 M.y. bins, beginning 
with 1810-1800 Ma and ending with 1359-1350 Ma, and noted changes in the spatial 
distribution of data at the 10 M.y. scale. Figures presented here depict groups of bins that 







Figure 3.2. Relative probability plots for the U-Pb zircon database compiled in this study. A) Shows the 
distribution of all 465 datapoints in this study, spanning 1805-1350 Ma. Histograms are in 10 M.y. bins. B) 
Shows the distribution of data for the 234 Mesoproterozoic ages in the database. Note the pulses of activity 
at 1465 Ma, 1430 Ma, and 1370 Ma, with a distinct lull at 1390-1400 Ma. C) Shows the distribution of data 
for the 231 Proterozoic ages in the database. It is difficult to delineate a separation between Yavapai and 
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Figure 3.3. Map showing the distribution of plutons attributable to Yavapai and Mazatzal tectonism. Boxes 
in shades of grey correspond to igneous rocks with U-Pb ages between 1805 and 1700 Ma, representing the 
Yavapai arc. Boxes in shades of red correspond to igneous rocks with U-Pb ages between 1699 and 1558 
Ma, representing the Mazatzal arc. Note the extensive overlap of the Yavapai and Mazatzal arcs, and the 
curved shape of the Mazatzal arc. “Nd line” (Bickford et al., 2015) and Grenville front (Gower and Krogh, 
2002; Whitmeyer and Karlstrom, 2007) are used as a geographic markers. Crust older than 1.8 Ga is 
modified from Whitmeyer and Karlstrom (2007). Inset panel shows the same relative probability 











































3.4.1 Yavapai and Mazatzal orogenies 
Our model begins at 1804 Ma with the first appearance of plutons attributable to 
the Yavapai subduction (Figs. 3.2 and 3.3). Between 1804 and 1770 Ma, a linear array of 
igneous rocks extends for ~1800 km along strike between central Arizona and southern 
Minnesota, with a maximum across-strike width of ~500 km. Between 1768 and 1750 
Ma, the length of this magmatic line increases, with intrusions both northeast into 
Wisconsin and southwest to western Arizona. This pulse of activity represents the first 
magmatism within older crustal blocks: the Penokean, the Mojave, and the Superior. The 
total length of the magmatic trend extends to ~2500 km along strike, and rocks from 
these time slices span a ~300 km across strike width. At 1750 Ma, the distribution of 
magmatism transitions from a linear array that spans the central continent to a cluster 
concentrated in the southwest (Fig. 3.3). Between 1754 and 1699 Ma, the only igneous 
rocks emplaced into the northern midcontinent are a pair of 1714 Ma granites on Lake 
Huron in Ontario (Bickford et al., 2015). Note that between 1804 and 1710 Ma, there is 
no clear migration of igneous activity either inboard or outboard relative to the 
interpreted volcanic front. The clearest change over time is the switch at 1750 Ma from a 
linear distribution to a clustered one.  
The Yavapai orogeny is commonly viewed as a progressive collision that stitched 
together a series of juvenile arcs, possibly including some Archean fragments (Jessup et 
al., 2005). Outboard arcs of varying crystallization ages may not display a clear age 
versus distance relationship once amalgamated, which would lead to a complex spatial 






igneous activity with time (Fig. 3.3) supports the interpretation that arc accretion played a 
dominant role in building Yavapai crust. In contrast to this hypothesis, the consistent 
linear trend in 1804-1750 Ma magmatism, including granite emplacement into 
preexisting crust in the midwest and potentially the southwest, may signal the presence of 
an early continental arc in addition to accreted island arcs. The marked change in 
geometry at 1750 Ma may represent a “zippered” collision, in which juvenile crust in the 
north collides earlier, with material in the south remaining outboard for another ~40 My. 
Finally, we cannot rule out a sampling artifact, in which subsurface rocks of the 
midcontinent are not as well represented as rock outcrops in the southwest because of 
Phanerozoic features like the Illinois and Michigan basins. 
 The transition from Yavapai to Mazatzal magmatism in this model is cryptic. This 
is consistent with previous observations that there is no clear boundary between Yavapai 
and Mazatzal-aged plutons in the southwest (Bowring and Karlstrom, 1990; Shaw and 
Karlstrom, 1999). Because there is no clear geographic trend, we divide the Yavapai and 
Mazatzal orogenies at 1690 Ma based on a decrease in magmatic activity depicted in 
relative probability distributions (Fig. 3.2). In this model, 1690 Ma is the youngest 
Yavapai arc formation age, and younger igneous activity is attributed to the Mazatzal 
orogeny. By ~1665 Ma, the magmatic age distribution forms an arc that is broadly north-
south trending in New Mexico and Colorado and east-west trending in Kansas and 
Missouri. The arc is as much as ~800 km wide in southern New Mexico and Arizona, and 
~250 km wide in the midcontinent. The distinct curved pattern is maintained between 
1665 and 1558 Ma, but by 1600 Ma, magmatic activity is concentrated in the 






rocks with crystallization ages of 1689 to 1558 Ma, then spatial overlap exists between 
Yavapai and Mazatzal rocks in the southwest and midcontinent (Fig. 3.3). Furthermore, 
there is no break in magmatism between 1804 and 1579 Ma (Figs. 3.2 and 3.3). It is 
therefore difficult to attribute magmatism between ~1710 and 1670 Ma to either Yavapai 
or Mazatzal tectonic events based on spatial distribution alone, as discussed above. The 
geographic overlap and temporal continuity between the orogens may reflect a Mazatzal 
continental arc built on Yavapai-aged crust. It could also be the result of younger 
deformation that superposes the two older terranes. We favor a model in which at least 
part of the Yavapai-Mazatzal overlap is the product of ~1.4 Ga deformation, as discussed 
below. We note that rocks in eastern Canada record arc accretion between ~1710 and 
1600 during the Labrador orogeny (Gower and Krogh, 2002). This orogeny is coeval 
with the Mazatzal, but is not depicted in our model. 
3.4.2 Pinware and Picuris orogenies 
A consensus hypothesis has emerged that North America’s south margin was 
actively convergent between ~1.5 and 1.4 Ga (Nyman et al., 1994; Karlstrom et al., 2001; 
Whitmeyer and Karlstrom, 2007), which contrasts with early models that invoked 
extension within North America during this time period (Anderson, 1983; Hoffman, 1988; 
Windley, 1993). Here we provide the first compressive examination of age distributions 
of Mesoproterozoic plutons within a convergent margin framework. We divide this 
progressive tectonic event into two orogenies based on existing terminology. The 
Pinware orogeny took place between 1515 and 1460 Ma and involved subduction within 
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Figure 3.4. Panels showing the progression of igneous activity during the Pinware-Picuris orogenic cycle. 
A) 1514-1490 Ma, occurrence of igneous activity during the Pinware orogeny in eastern Canada, and 
coeval magmatism beginning in the midcontinent. B) 1489-1450 Ma, extensive midcontinent activity, 
possibly related to a paired arc and back-arc, while the southwest undergoes early arc development. C) 
1449-1400 Ma, concentrated igneous activity in the southwest US, maintaining an arc shape, with 
extensions through the midcontinent and eastern Canada. D) A distinct decrease in magmatic activity from 
1397 to 1390 Ma. E) 1389-1350, renewed igneous activity that is concentrated in the southern US and 
midcontinent. Note that this is the first timestep since 1489 Ma that does not clearly display an arcuate 
shape in the south or central US. F) An illustration of the changes in magmatic arc width from 1489-1450 
versus 1449-1400. Note that the younger arc is wider, that the magmatic front remains fixed in some 
locations, and that both arcs exhibit similar curvature.
 
between 1488 and ~1350 Ma in northern New Mexico and featured compression and 
thickening of Paleo-and Mesoproterozoic rocks (Daniel et al., 2013; Aronoff et al., 2016).  
Earliest Pinware magmatism in this model began at 1515 Ma in Labrador (Fig. 
3.4). The Pinware orogeny is thought to involve the creation of an Andean-type 
continental margin arc in Labrador and eastern Quebec over a north-dipping subduction 
zone between 1520 and 1460 Ma (Rivers, 1997; River and Corrigan, 2000; Gower and 
Krogh, 2002). Magmatism younger than 1460 Ma may be the product of a subducted 
spreading ridge (Gower and Krogh, 2002). Magmatism in the midcontinent occurs at the 
same time as the Pinware orogeny, with magmatic centers in Missouri and northern 
Wisconsin active between 1485 and 1450 Ma (Fig. 3.4). Midcontinent granites as old as 
1505 Ma intrude Yavapai, Mazatzal, and Penokean-aged crust (Fig. 3.4).  Workers 
focusing on the pre-Grenville tectonic history of the Central Gneiss Belt in Ontario 
hypothesize that the Eastern Granite Rhyolite province is the back-arc to the Pinware arc 
(Culshaw and Dostal, 2002; Slagstad et al., 2009). Researchers also divide the Granite 







Figure 3.5. Relative probability plots of the Pinware-Picuris orogenic cycle, corresponding to each timestep 
displayed in Fig. 3.4. Histogram bins are in 10 M.y. intervals. Panel F shows the same relative probability 






















































































































distribution (hereinafter “EGR” and “SGR” respectively; Bickford et al., 2015). Our 
model supports this division, with the EGR province as a >1440 Ma continental margin 
succession built on recently attached juvenile crust. We hypothesize that the areas of 
intense volcanic and plutonic activity in the EGR province are related to Pinwarian 
subduction and back-arc extension.  
Mesoproterozoic pluton emplacement in southwest Laurentia began at 1488 Ma 
(Fig. 3.4). In this model, western U.S. igneous activity is divided into two phases, 
separated by a magmatic lull (Fig. 3.5). The first phase took place from 1488 to 1400 Ma. 
Magmatism waned from 1400 to 1390 Ma, then resumed between 1390 and 1350 Ma 
entirely within the SGR (Figs. 3.4 and 3.5). Between 1488 and 1410 Ma, plutonic and 
volcanic activity in the western and central U.S. was located entirely within older crustal 
provinces: the Yavapai, Mazatzal, and the Archean Wyoming (Fig. 3.4). This is 
consistent with a continental arc and back-arc built above a north-dipping subduction 
zone. At 1408 Ma we see the first granite intrusion within the juvenile SGR province. 
This marks a turning point, after which the majority of igneous activity was located in the 
SGR province and in Missouri, with few zircon ages in the Arizona, New Mexico, or 
Colorado. However, scattered igneous activity continued in Ontario, Quebec, and 
Labrador. This change in geographic distribution coincides with a magmatic lull between 







Figure 3.6. Maps showing southwest and midcontinent regional deformation between 1449 and 1390 Ma, 
modified from Ferguson et al. (2004). The overall strain field includes WNW shortening and ESE 
extension, with left lateral transpression. Note that data is sparse in the midcontinent because of poor 
outcrop exposure. A) Kinematic indicators in rocks 1449-130 Ma. Note the set of left-lateral transpressive 
shear zones located at what is now the eastern front of the Rocky Mountains. B) Kinematic indicators in 
rocks 1429-1410 Ma. Note that deformation has propagated west into southern Nevada. C) Kinematic 
indicators in rocks 1409-1390 Ma. Note the development of north-striking foliation in rocks of the 
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3.4.3 Regional tectonism during the Picuris orogeny 
Several lines of evidence show that 1.48-1.35 Ga igneous activity was 
accompanied by regional deformation and metamorphism, and there is good agreement 
between the chronology of pluton emplacement and episodes of deformation and 
metamorphism. First, the regional strain field in the southwest shows evidence for 
compression, transpression, and left-lateral strike-slip motion between 1450 and 1400 Ma 
(Fig. 3.6; Nyman et al., 1994; Karlstrom et al., 2001; Ferguson et al., 2004). Shortening is 
broadly oriented WNW in the Arizona and New Mexico and oriented NNW to NNE in 
Colorado (Fig. 3.6). Many ~1.4 Ga plutons in the southwest are interpreted as 
synkinematic with respect to a regional episode of deformation (Nyman et al., 1994; 
Duebendorfer and Christensen, 1995; Kirby et al., 1995; Ferguson et al., 2004). The 
youngest pulse of deformation occurred at 1404 Ma within and adjacent to the Boriana 
Canyon pluton, near the Arizona-California border (Fig. 3.6; Ferguson et al., 2004). 
Second, regional amphibolite facies metamorphism occurred between 1450 and 1400 Ma 
in northern New Mexico and was achieved through rapid burial, compression, and thrust 
imbrication of supracrustal rocks, with individual crustal blocks undergoing 
decompression at ~1400 Ma (Barnhart et al., 2012; Aronoff et al., 2016). New Mexico 
and Colorado then underwent slow cooling after ~1400 Ma (Fig. 3.6; Shaw et al., 2005). 
Third, deformation in the midcontinent is poorly constrained because much of the 
Proterozoic record is in the subsurface, but the 1396-1383 Ma Blue River gneiss in the 
Arbuckle Mountains, Oklahoma (Bickford et al., 2015) exhibits a north-striking foliation 






Mountains, Missouri, warrants further study in light of the evidence for regional ~1.4 Ga 
tectonism. 
The isotopic record for Mesoproterozoic igneous rocks shows that the SGR 
province is chemically distinct from other regions. Hf isotopic data support this 
observation, with the majority of ~1.4 Ga plutons having chemical signatures consistent 
with sources generated by lower crustal melting, such as within the thickened crust of an 
orogenic plateau, except for rocks from the SGR province, which have more juvenile Hf 
signatures (Goodge and Vervoort, 2006; Bickford et al., 2015). 
 
3.5 Tectonic Models 
The occurrence of magmatism accompanied by compression, transpression, and 
high temperature metamorphism is consistent with orogenesis. Two models may explain 
this Mesoproterozoic orogeny (Fig. 3.7): a continental arc built above a north-dipping 
subduction zone (Andean-type) or a collisional arc resulting from physical collision 
between Laurentia and an exotic crustal block (Himalayan-type), also initiated along a 
north-dipping subduction zone at the margin of Laurentia. We see little geochemical 
evidence for juvenile or basaltic material in the SGR, and this observation supports an 
Andean-type orogen that is built on the post-Mazatzal continental margin. Subduction 
zone processes would deform the overlying continental margin during continental arc 
formation, and could create the oroclinal bend we interpret in the Mazatzal and Picuris 
arcs (Fig. 3.7). However, features of the regional deformation field fit well with a 
collisional model, including the orientation of the strain axes, the presence of left-lateral 






point of maximum curvature within the oroclinal bend, and the marked shift in spatial 
distribution of arc rocks pre- to post-1400 Ma (Figs. 3.4-3.7). In a Himalayan-type model, 
the SGR province would constitute an exotic crustal block, which collided with North 
America circa 1400 Ma (Fig. 3.7). The lull in magmatic activity between 1400 and 1390 
Ma would correspond to the shutoff of subduction-related volcanism at the point of 
collision. We note that, like the modern India-Asia collision, the SGR collider need not 
be composed of juvenile material. Furthermore, the bloom of magmatic activity younger 
than 1390 Ma would rework the collided block, building the granite-rhyolite sequence for 
which the province is named.  
In either tectonic model, changes in angle of the slab entering a north-dipping 
subduction zone could create changes in the size and shape of the Picuris magmatic arc 
through time; the apparently widening of the arc between 1449 and 1400 Ma (Fig. 3.4) 
may be attributable to slab shallowing. In either convergent tectonic model, Colorado 
may constitute an orogenic plateau built inboard of the magmatic arc, which would 
explain high temperatures and pressures recorded in this region at ~1.4 Ga (e.g. Jessup et 
al., 2006; Jones et al., 2010). If northern New Mexico was a back-arc during early Picuris 
subduction (~1480-1450), then continued convergence and possible collision may have 
shortened these incipient back-arcs (Hyndman et al., 2005). This mechanism would lead 
to the characteristic low-pressure high-temperature metamorphism documented in New 
Mexico (e.g., Grambling, 1981). 
In our proposed tectonic models, the southern margin of North America was 
convergent from 1515 to 1350 Ma, with convergence recorded during the Andean-type 






possible collision in the south between 1480 and 1350 Ma during the Picuris orogeny 
(Fig. 3.7). This convergent system had variably developed continental arcs, back-arcs, 
and an orogenic plateau, leading to regionally elevated temperatures over a long period of 
time. Sections of this orogenic system were reworked during the subsequent Grenville 
orogeny (Gower and Krogh, 2002; Whitmeyer and Karlstrom, 2007).  
The proposed tectonic model has important implications for the study of sediment 
transport within Proterozoic North America, which in turn has important ramifications for 
global plate reconstructions in the Proterozoic and Phanerozoic. We note that igneous 
activity in Labrador and the midwestern U.S. began at 1515-1508 Ma, and that pulses of 
~1.5 Ga activity are located in areas that we predict were topographically high during 
Pinware-Picuris orogenesis. It is therefore reasonable to assume that the midcontinent and 
eastern Canada were source regions for detrital zircons with 1515-1450 Ma 
crystallization ages, and that early Mesoproterozoic midwestern volcanoes released ash 
plumes that are preserved in ~1.5 Ga metatuffs recently recognized in the southwest (Doe 
et al., 2012; Daniel et al., 2013). In our tectonic model, the 1.5 Ga magmatic gap for 
Proterozoic North America lasts between 1578 and 1515 Ma, meaning sediments with 








Figure 3.7. Sketch tectonic models of the convergent southern margin of North America between 1515 and 
1350 Ma. Planels A through F illustrate Model 1, a convergent continental arc or “Andean-type” margin. 
Panels G through L illustrate Model 2, a collisional or “Himalayan-type” margin. Note that the two models 






















































Model 1: Convergent margin








Our model is the first to present a comprehensive time progression for both the 
Pinware and Picuris orogenies; the first to tie together tectonic features of the southwest 
U.S., the midcontinent, and the northeast between 1.5 and 1.3 Ga using age distribution 
data; and the first to provide mechanisms for growth and/or attachment of the Eastern and 
Southern Granite Rhyolite provinces using chronology, deformation, and metamorphism. 
Our tectonic model can now be used to test hypotheses about the growth of North 
America through geologic time. Open questions include the tectonic style of the Picuris 
convergent margin, the structural relationship between the Eastern and Southern Granite 
Rhyolite provinces, the lack of preserved calc-alkaline rocks in some locations, and the 
relationship between Pinware-Picuris and Grenville deformation and metamorphism in 
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CHAPTER 4. LOCATING THE NORTHERN BOUNDARY OF THE PICURIS 
OROGEN USING LU-HF GARNET GEOCHRONOLOGY 
4.1 Abstract 
Lutetium-hafnium (Lu-Hf) garnet dating of Proterozoic rocks of the southwestern 
United States provides constraints on the timing and geographic extent of metamorphism 
associated with the Yavapai, Mazatzal, and newly recognized Picuris orogenies. Garnet 
schist samples from central and northern New Mexico have garnet isochron ages 
restricted to the time period between 1461 and 1400 Ma. In the Picuris and Manzano 
mountains, the oldest Lu-Hf garnet ages predate the U-Pb ages of ~1.4 Ga plutons located 
near the dated samples. If the isochron ages record garnet growth, this implies that the 
onset of amphibolite facies metamorphism cannot be driven by contact metamorphism, as 
has been previously inferred. Garnet-bearing samples from the Needle and Wet 
mountains in southern Colorado display a range of garnet ages between 1748 and 1476 
Ma. The age distribution of these samples shows that rocks in Colorado underwent a 
complex, poly-metamorphic history, while rocks in New Mexico underwent a single 
progressive metamorphic event. This contrast implies that the boundary between rocks 
deformed and metamorphosed during the ~1800-1600 Ma Yavapai and Mazatzal 
orogenies and those deformed at amphibolite metamorphic conditions during the ~1480-
1400 Ma Picuris orogeny lies along the Colorado-New Mexico boarder, along what has 






Wet Mountains, Colorado, remained in the deep crust during Mazatzal and Picuris 
orogenesis and that rocks in central New Mexico to southern Colorado did not undergo 
high temperature metamorphism until this newly recognized orogeny. By using Lu-Hf 
geochronology to directly date a rock-forming mineral, we are better able to reconstruct 
the tectonic history of this region. 
4.2 Introduction 
Northern New Mexico and southern Colorado are traditionally interpreted as a 
diffuse boundary zone between the 1.8-1.7 Ga Yavapai arc and the 1.7-1.6 Ga Mazatzal 
arc (Karlstrom and Bowring, 1988; Bowring and Karlstrom, 1999; Shaw and Karlstrom, 
1999). Recent work, however, shows that much of the deformation and metamorphism 
recorded in Proterozoic rocks of the Tusas and Picuris mountain ranges in northern New 
Mexico is the product of progressive tectonism during the 1.48-1.35 Ga Picuris orogeny 
(Daniel et al., 2013; Aronoff et al., 2016). The purpose of this study is to understand the 
temporal and spatial relationship between the newly documented Picuris orogen and the 
Paleoproterozoic Yavapai and Mazatzal orogens. To answer this question we employ Lu-
Hf garnet age dating in rocks from central New Mexico to southern Colorado. Prior work 
focusing on U-Pb dating of plutons and Ar geochronology has left the timing of prograde 
metamorphism ambiguous, but garnet age dating is able to constrain the timing of 
prograde metamorphism (e.g., Lapen et al., 2003). Here we demonstrate that a 
Mesoproterozoic tectonic boundary exists in northern New Mexico, separating rocks that 
underwent a single cycle of progressive metamorphism from those that underwent 






Picuris orogen to lie along what has been previously interpreted as the Mazatzal 
deformation front. 
 
4.3 Precambrian Geology of New Mexico and Colorado 
4.3.1 New Mexico 
Proterozoic rocks of New Mexico and Colorado are composed of high-grade 
orthogneiss and paragneiss; lower-grade amphibolite, schist and phyllite; voluminous 
plutons; and greenstone that constitute the ‘basement’ to these rocks. This study focuses 
on several mountain ranges in the region: the Manzano, Sandia, Tusas, and Picuris 
mountains in New Mexico, and the Needle and Wet mountains in Colorado (Fig. 4.1). 
 The Manzano Mountains in central New Mexico are composed of steeply dipping, 
northeast striking metasedimentary and metavolcanic rocks, which have undergone at 
least three generations of extensive folding and inferred layer-parallel shearing (Bauer et 
al., 1993). Second generation isoclinal and sheath folds are the dominant structural 
element in these rocks (Bauer et al., 1993). Plutons in the Manzano and adjacent ranges 
include the 1645 Ma Manzanita pluton, the 1659 Ma Ojita pluton, the 1656 Ma Monte 
Largo pluton, the 1427 Ma Priest pluton, and the 1662-1655 Ma Los Pinos pluton 
(Karlstrom et al., 2004). Thompson et al. (1996) inferred that regional amphibolite facies 
metamorphism occurred prior to contact metamorphism resulting from the emplacement 
of the 1427 Ma Priest pluton, and that the top-to-the-northeast Monte Largo shear zone 
thrust hotter rocks over colder rocks. To the north in the Sandia Mountains, 1459-1437 
Sandia Granite intrudes the 1650 Ma Cibola granite (Kirby et al., 1995) and supracrustal 







Figure 4.1. Geologic map of Precambrian rocks in the Rocky Mountain region of the US based on the 
Geologic Map of North America (Reed et al., 2005a and 2005b; Garrity and Soller, 2009) and modified 
from Aronoff et al. (2016). A) Map showing Precambrian outcrop distribution, with tectonic province 
boundaries of Whitmeyer and Karlstrom (2007). Sample locations for this study are marked with red stars. 
B) Inset map showing detailed geology of central New Mexico through southern Colorado. Sample 
locations for this study are marked with red stars and listed by Lu-Hf garnet age in Ma.
  
major shear zones are present and define the Manzano fold and thrust belt. These include 
the Monte Largo shear zone, which places amphibolite facies rocks surrounding the 
Priest Pluton above complexly folded greenschist facies rocks including the Monte Largo 
pluton. The Manzanita shear zone cuts northeast across the range north of the Ojito 
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over the Tijeras greenstone and Cibola granite, which contain an andalusite to sillimanite 
field gradient (Connolly, 1982) associated with the Sandia Granite.  Karlstrom et al., 
(1997) presented an Ar whole rock age of 1423+/- 3 Ma for phyllonite from the Vincent 
Moore thrust.  
 The Tusas and Picuris mountains in northern New Mexico are thought to 
represent a continuous Precambrian fold and thrust belt that has been offset by 
Phanerozoic strike-slip faulting (Montgomerey, 1953; Karlstrom and Daniel, 1993; 
Cather et al., 2006). Four stratigraphic groups are recognized in this region: the Vadito, 
Hondo, and Trampas groups, and underlying greenstones. This study includes samples 
from the Piedra Lumbre and Pilar formations within the Hondo Group. The Trampas 
Group is a newly proposed classification based on the recognition of Mesoproterozoic 
detrital zircons and metatuff beds that record deposition through at least 1475 Ma (Jones 
et al., 2011; Daniel et al., 2013). The Marqueñas Conglomerate in the southern Picuris 
Mountains unconformably overlies the Vadito Group, (Jones et al., 2011; Daniel et al., 
2013). The Marqueñas is noteworthy because it contains both detrital zircons and rhyolite 
clasts with zircon ages as young as 1457 Ma (Jones et al., 2011; Daniel et al., 2013). 
Three generations of foliations, folds, and shear zones are recognized and regionally 
correlated in the Tusas and Picuris ranges. The dominant regional-scale structures are the 
second-generation foliation and associated folds, which are east striking in the Picuris 
Mountains and northwest striking in the Tusas Mountains (Williams, 1991; Bishop, 1997; 
Bauer, 2004). Regional pressure-temperature conditions of the Tusas and Picuris 






polymorphs (e.g., Holdaway, 1978; Grambling, 1981; Grambling and Williams, 1985; 
Read et al., 1999).  
 Two populations of plutons intrude the supracrustal rock package in northern 
New Mexico: a Yavapai-Mazatzal sequence with U-Pb zircon ages of ~1.76-1.60 Ga, and 
a Picuris sequence with zircon ages of ~1.46-1.42 Ga (Fig. 4.1; Bauer and Pollock, 1993; 
Karlstrom, 2004; Hunter, 2013). The 1.45 Ga Penasco pluton in the southern Picuris 
Mountains is the only 1.4 Ga pluton that crops out in either the Tusas or Picuris ranges. 
Two additional ~1.4 Ga plutons, the Macho Creek granite and the Evergreen Valley 
granite-gabbro complex, are exposed in the Pecos and Las Vegas ranges, respectively 
(Robertson and Condie, 1989; Lindline et al., 2013). The Pecos-Polomo shear zone cuts 
across the southern Tusas, Picuris, Truchas and Rio Mora areas. In the southern Tusas 
Mountains, the shear zone appears to be buried beneath younger cover and may terminate 
into the Madera syncline (M. Williams, written communication 2015), whereas in the Rio 
Mora area the shear zone juxtaposes the Pecos greenstone with rocks of the Vadito, 
Hondo and Trampas groups (Read et al., 1999). The increase in stratigraphic offset along 
this structure suggests increasing slip from west to east. All plutons or batholiths <1600 
Ma are located south of the Pecos-Polomo shear zone and to the north in southern 
Colorado (Aronoff et al., 2016). 
4.3.2 Colorado 
The Wet Mountains expose Proterozoic metasedimentary and metaigneous 
successions of quartzofeldspathic gneiss, granitoid gneiss, biotite gneiss, and amphibolite 
(Fig. 4.1; Siddoway et al., 2000; Jones et al., 2010). Schist and calc-silicate gneiss are 






southern. Migmatite is widespread in the Wet Mountains, decreasing in abundance 
towards the Arkansas River Canyon (Levine et al., 2013). Gneissic foliation in the range 
varies from steeply to shallowly north dipping, with lineations commonly trending to the 
north, but with considerable variability at the scale of the range. Several shear zones are 
documented in the range, including the Five Points Gulch shear zone, the Newlin Creek 
shear zone, and the Williams Creek shear zone west of the San Isabel pluton (Jones et al., 
2010). The entire mountain range is cut by the Ilse fault, a northwest striking steeply 
dipping fault that may have initiated in the Neoproterozoic, with a complex and variable 
slip history continuing to the Tertiary (Jones et al., 2010). 
Rocks in the northern Wet Mountains along the Arkansas River canyon record 
low pressure amphibolite facies metamorphism, documented by the presence of 
andalusite, cordierite, and sillimanite (Siddoway et al., 2000). Rocks farther east contain 
garnet, biotite, K-feldspar, and sillimanite, consistent with higher pressures. The southern 
Wet Mountains are characterized by felsic gneiss, migmatites, and amphibolite that are 
interpreted as upper amphibolite to granulite facies assemblages, representing higher 
peak metamorphic conditions (Siddoway et al., 2000; Jones et al., 2010; Levine et al., 
2013). Argon age data show pervasive resetting of hornblende ages in the southern 
portion of the range at ~1.4 Ga, indicating regional peak temperatures above 500 °C. This 
contrasts with the northern portion of the range, where biotite and muscovite have been 
reset at ~1.4 Ga, indicating temperatures in the 350 – 500 °C range (Shaw et al., 2005; 
Jones et al., 2010). Magmatic epidote in the San Isabel batholith indicates mid-crustal 






12W6A (this study) indicate metamorphism at temperatures ≥ 800 °C. Detailed pressure-
temperature models for Wet Mountains samples are discussed below. 
Paleoproterozoic igneous intrusions are exposed in the northern Wet Mountains 
and include the 1706 Ma Twin Mountain pluton, the 1705 Ma Crampton Mountain pluton, 
and the 1663 Ma Garell Peak pluton (Bickford et al., 1989; Jones et al., 2010). 
Mesoproterozoic plutons include the 1460 Ma West McCoy Gulch pluton, the 1442 Oak 
Creek pluton, and the 1371-1362 Ma San Isabel pluton (Bickford et al., 1989). The San 
Isabel is noteworthy not only because it is the youngest pluton in the area, but also 
because it is interpreted to have crystalized in rocks undergoing upper amphibolite 
metamorphism (Cullers et al., 1992). Saphrine + orthopyroxene + forsterite + Zn-spinel 
assemblages have been described in pendants in the San Isabel batholith (Raymond et al., 
1980), consistent with granulite facies conditions.  Raymond et al., (1980) inferred that 
this metamorphism occurred during the Paleoproterozoic, based on available 
geochronology. However, we favor an interpretation where these mineral assemblages 
formed during intrusion of the pluton. In addition to discrete plutonic bodies, networks of 
granitoid sills and dikes are common throughout the range, and are particularly well 
documented in the central and southern Wet Mountains (Siddoway et al., 2000; Jones et 
al., 2010). 
The Needle Mountains in southern Colorado are similarly composed of Proterozoic 
metamorphic rocks and plutons (Fig. 4.1). The oldest rocks are dominantly orthogneiss 
and amphibolite of the Twighlight Gneiss and Irving Formation (Barker, 1969) and are 
Paleoproterozoic in age (Gonzales and Van Schmus, 2007; Jones et al., 2005). These 






Granite (Gonzales and Van Schmus, 2007). This Paleoproterozoic basement gneiss 
sequence is overlain by a supracrustal sequence composed of the Uncompahgre Group, 
consisting of quartzite with intervening layers of schist and gneiss, and the Vallecito 
Formation, consisting of metaconglomerate and quartzite with minor schist. Detrital 
zircon geochronology and cross cutting relationships indicate both metasedimentary 
sequences were deposited at ~1.68 Ga or younger (Jones et al., 2009). Mapping suggests 
that these metasedimentary rocks post-date upper amphibolte facies metamorphism 
recorded by the gneisses (Barker, 1969; Tewksbury, 1989). Following deposition, the 
supracrustal rocks were folded, with the Uncompahgre Group forming a map-scale 
synclinorium with a subvertical axial surface (e.g., Harris et al., 1987; Tewksbury, 1989; 
Gibson, 1990; Harris, 1990). Mesoproterozoic plutons intrude the supracrustal rocks, and 
are interpreted to have intruded during N-S shortening, which refolded the synclinorium 
within the Uncompahgre Group (Gonzales et al., 1996; Wu, 2007; Dean, 2004). The 
plutons include the 1435 Ma Eolus Granite and the 1435 Ma Electra Lake Gabbro 
(Gonzales and Van Schmus, 2007), the 1429 Ma Trimble Granite, and 1433-1426 Ma 
Pine River pluton (Keller and Schoene, 2015). 
4.4 Methods 
Oriented samples were collected in the field, and thin sections cut parallel to 
lineation and perpendicular to foliation, or perpendicular to both foliation and crenulation 
cleavage axis for crenulated samples. We used the criteria of Passchier and Trouw (2005) 
to classify porphyroblast-matrix relationships in thin section, which allowed us to place 






Isotope analysis took place at the Radiogenic Isotope and Geochronology 
Laboratory at Washington State University. Samples were crushed in a jaw crusher and 
then reduced to a medium sand size in a mortar and pestle. The crushed samples were 
then handpicked under a binocular microscope into ~250 mg garnet fractions and garnet-
free “whole rock” fractions. For each sample, two whole rock fractions were paired with 
two to four garnet fractions for analysis. Sample digestion followed the procedure 
described by Wolf et al. (2010). Samples were spiked with Lu-Hf tracers, and Lu-Hf 
separation followed procedures described by Vervoort et al. (2004) and Cheng et al. 
(2008). We measured isotopic ratios of both elements on a ThermoFinnigan© Neptune 
multicollector-inductively coupled plasma-mass spectrometer (MC-ICP-MS) at 
Washington State University. We calculated sample ages using Isoplot 3.7 (Ludwig, 2003) 
using the 176Lu decay constant value of 1.867x10-11 (Scherer et al., 2001; Söderlund et al., 
2004). Epsilon Hf values were calculated using 176Hf/177Hf and 176Lu/177Hf CHUR values 
of Bouvier et al. (2008). Lu profiles were measured on thin sections using the 
ThermoFinnigan Element2 inductively coupled plasma mass spectrometer (ICP-MS) with 
a New Wave UP-213 laser ablation system, also at Washington State University.  
Diffusional relaxation models were run on the program GarDiff MoveRim (F. 
Spear, written communication 2016). Starting configuration profiles for each model were 
based on Lu profile data collected by laser, and normalized to Lu ppm values of 100 ppm 
in garnet cores. We used Lu diffusivity Arrhenius parameters listed as the “preferred 
values” in Table 3 of Bloch et al (2015).  
Isochemical phase diagram modeling was performed with the Theriak-Domino 






database of Holland and Powell (1998) modified by Tinkham (2015), including solution 
models by Mahar et al. (1997), Holland et al. (1998), Coggon and Holland (2002), 
Baldwin et al. (2005), and White et al. (2007). Whole rock chemical compositions were 
determined by X-ray fluorescence.  
 
4.5 Sample Descriptions and Microstructures 
4.5.1 Manzano and Picuris Mountains Samples 
In this study we present Lu-Hf garnet age data for seven samples. Sample MZC is a 
schist from the southern Manzano Mountains (Fig. 4.1), collected within 500 meters of 
the 1427 Ma Priest pluton, in Estadio Canyon. Garnets within this sample are euhedral to 
subhedral, with inclusion rich cores and less inclusion rich rims (Fig. 4.2). MZC 
preserves at least three generations of foliation. Segregated q and m domains define the 
sample’s dominant foliation. Garnets are preferentially concentrated in quart-rich layers, 
and mica layers are strongly crenulated. Where inclusion trails can be followed to the 
edges of garnet crystals, some are aligned with a matrix fabric that curves at the edges of 
the garnet crystal, while other inclusion trails are at a high angle to the matrix foliation. 
These inclusion-matrix relationships are consistent with early syntectonic garnet growth 
with respect to the matrix foliation. Sample 12PIC1 is a schist from the Piedra Lumbre 
member of the Hondo Group in the southern Picuris Mountains. It was collected within 
the immediate footwall of the Plomo-Pecos ductile shear zone. Garnet crystals in this 
sample are euhedral and inclusion poor (Fig. 4.2). The matrix is defined by fine-grained, 
crenulated quarts and mica domains. Spaced kinks are preferentially oriented at the edges 












Figure 4.2. Photomicrographs of each dated sample of this study in plane polarized light, showing garnet-
matrix textures discussed in detail in the text. Scoured lines are laser transect scars, and data from these 
transects is shown in Figure 4.4 A) MZC is a schist from the southern Manzano Mountains, New Mexico. 
The matrix foliation is defined by segregated q and m domains, with garnet concentrated in q domains. 
Inclusion trails inside garnet are curved and show variable continuity with matrix foliation. B) 12PIC1 is a 
schist from the Picuris Mountains, New Mexico. Garnet is inclusion-poor, and matrix folation is deflected 
around the garnet porphyroblast, with matrix kink bands localized near the edges of garnet crystals. C) 
12PIC2 is a schist from the Picuris Mountains, New Mexico. Garnet crystals are subhedral and inclusion-
poor, with matrix foliation being deflected slightly around the edges of the garnet porphyroblast. D) 12W13 
is a gneiss from the southern Wet Mountains, Colorado. Garnet crystals are irregular and embayed, with 
large unaligned inclusions. E) OC14 is a paragneiss from the central Wet Mountains, Colorado. The 
prominent gash oriented north-south with respect to the field of view is a crack in the thin section billet. 
Note that the garnet crystal is highly skeletal, with prominent inclusions. F) 12W6 is a gneiss from the 
central Wet Mountains, Colorado. Garnet crystals are subhedral and commonly almond shaped, with large 
multiphase inclusions. Garnet crystals are mantled by large biotite crystals, which exhibit a jackstraw 
texture. G) 12NE21 is an amphibolite gneiss from the Needle Mountains, Colorado. Garnet crystals are 
subhedral, with inclusion-rich cores and inclusion-poor rims. The matrix foliation wraps around garnet 
crystals. Garnets commonly appear in clusters within the thin section.  
 
corners of the garnet grains (Fig. 4.2). These textures suggest pre-to early-syntectonic 
garnet growth in this sample. Sample 12PIC2 is a garnet-bearing sample from the Pilar 
Phyllite Formation of the Hondo Group in the southern Picuris Mountains. This sample is 
collected within 500 m of 12PIC1. It contains euhedral garnets that are concentrated in 
mica-rich layers of the q and m domains that define the main foliation of the rock. 
Inclusion trails in the garnet can commonly be traced into the matrix fabric, which 
exhibits spaced open folds that cluster near the garnet porphyroblasts (Fig. 4.2), again 






Table 4.1. Sample locations and mineralogy. Notes: 1) Mineral abbreviations follow Kretz (1983). 2) Cells shaded grey represent samples previously dated 





Latitude Longitude Age (Ma) MS
WD 
Qtz Pl Kfs Am
p 
Ep Grt Bt Ms Chl St Sil Cr
d 
Hc 




1461 ± 14 2.6 X X    X X X X X    




1456 ± 16  3.2 X X X     X X   X         
Picuris 12PIC1 36° 12'  
34.58" N 
105° 48'  
19.55" W 
1399.9 ± 3.4 0.18 X X    X X X X     
Picuris 12PIC2 36°  12'   
44.55" N 
105° 48'  
4.16" W 
1407 ± 17 2.9 X X    X X X      
Southern 
Tusas 
11TU9C 36° 20'  
5.5" N 
106° 3'  
47.30" W 
1399 ± 9  0.6 X X       X X X   X X     
Southern 
Tusas 
11TU10C 36° 19'  
44.504" N 
106° 3'  
22.373" W 
1449.8 ± 5.6  0.46 X X       X X X   X X     
Central 
Tusas 
11TU8A 36° 33'  
1.610" N 
106° 4'  
49.371" W 
1419 ± 19  4.4 X         X X X X         
Central 
Tusas 
11TU4A 36° 33'  
27.619" N 
106° 4'  
54.962" W 
1405.3 ± 4.4  1.4 X X       X   X X         
Central 
Tusas 
11TU4B 36° 33'  
27.619" N 
106° 4'  
54.962" W 
1409 ± 14  5.1 X X     X X X X X X       
Needles 12NE21 37° 41' 
7.2312" N 
107° 46'  
3.4974" W 
1747.7 ± 4.6 1.2 X X X X  X X X X     
Wets 12W13 37° 53' 
40.6716" N 
105° 6'  
37.2075" W 
1496.8 ± 3.8 1.7 X X X  X X X  X  X X  
Wets OC14 38° 16'  
5.8368" N 
105° 11'  
26.0353" W 
1601.4 ± 5.7 3.6 X X X   X X    X X X 
Wets 12W6 38° 23'  
18.8448" N 
105° 18'  
18.5646" W 






4.5.2 Wet Mountains Samples 
Sample 12W13 is a garnet-biotite-sillimanite gneiss from the southern Wet 
Mountains. Garnet grains in this sample are skeletal to anhedral and commonly intergrow 
with biotite and retrograde chlorite (Fig. 4.2). Sample OC14 is a garnet-sillimanite 
paragneiss from the central Wet Mountains, collected within 2 km of the southern 
boundary of the 1442 Ma Oak Creek batholith. In hand sample, OC14 has a sugary 
texture, and mineralogically it is dominated by quartz and feldspar, but also contains 
garnet, biotite, sillimanite, hercynite, and retrograde chlorite, (Table 4.1). Garnet crystals 
in this sample are embayed and skeletal, with many inclusions (Fig. 4.2). Sample 12W6 
is a garnet-biotite gneiss from the northern Wet Mountains at Dawson Mountain, 
collected within 10 m of the contact of a kilometer scale sill related to the 1442 Ma Oak 
Creek pluton. Garnet crystals in this sample are subhedral, commonly oval or almond-
shaped, and preserve large, poorly aligned inclusions of quartz, biotite, and feldspars (Fig. 
4.2). Garnet crystals are generally partly rimmed by biotite that exhibits a jackstraw 
texture. 
4.5.3 Needle Mountain Samples 
Sample 12NE21 is a cummingtonite gneiss from the western Needle Mountains near 
Coal Bank Pass. Garnet crystals in this sample are subhedral to anhedral and commonly 
inclusion-rich, some with inclusion-rich cores and inclusion-poor rims (Fig. 4.2). Garnet 
grains commonly occur in clusters in this sample, and in places adjacent garnets appear to 
have merged forming larger crystals. The foliation is defined by aligned biotite and 







Figure 4.3. Diagrams of Lu-Hf isochrons, including calculated ages, initial Hf, and epsilon Hf values. Data-
point symbols are larger than the 2 sigma uncertainties, which would be too small to illustrate in the 
diagram. MSWD is mean square of weighted deviates. A)-C) Samples MZC, 12PIC1, and 12PIC2 are 
schists from the Manzano and Picuris mountains of central and northern New Mexico. D)-F) Samples 
12W13, OC14, and 12W6 are gneisses from the Wet Mountains, Colorado. G) 12NE21 is a gneiss from the 






Table 4.2. Lu-Hf Isotope Data. a: Abbreviations G, garnet; WRB, whole rock by bomb digestion; WRS, 
whole rock by tabletop Savillex © digestion. b: Lu and Hf concentrations determined by isotope dilution, 
with uncertainties estimated to be better than 0.5%. c: Uncertainties for 176Lu/177Hf are estimated to be 
0.5% for the purpose of regressions and age calculations. d: 176Hf/177Hf ratios were corrected for 
instrumental mass bias using 179Hf/177Hf = 0.7935 and normalized relative to 176Hf/177Hf = 0.282160 
for JMC-475. e: Uncertainties for 176Hf/177Hf are within-run 1-sigma standard error. Errors calculated for 
ages (not shown) are based on external reproducibility of spiked whole-rock samples (176Hf/177Hf = 
0.01%) and within run errors (as reported above) added in quadrature. f: Ages calculated using the 176Lu 
decay constant value 1.867x10-11 (Scherer et al., 2001; Söderlund et al., 2004). g: Epsilon Hf values were 


















        
MZC: central Manzano Mountains, New Mexico 













G2 5.914 3.802 0.2209 0.288154 0.000008 
G3 5.847 3.959 0.2097 0.287810 0.000007 
G4 6.319 3.994 0.2247 0.288204 0.000007 
WRB 0.202 6.474 0.0044 0.282134 0.000006 
WRS 0.250 5.539 0.0064 0.282179 0.000005 
12PIC1: central Picuris Mountains, New Mexico 













G2 19.953 1.568 1.821 0.330258 0.000005 
G3 20.652 1.594 1.855 0.331249 0.000007 
G4 20.391 1.605 1.818 0.330182 0.000016 
WRB 0.294 5.182 0.0081 0.282261 0.000006 
WRS 0.295 5.083 0.0082 0.282262 0.000006 
12PIC2: central Picuris Mountains, New Mexico 











G2 7.680 4.839 0.2254 0.287891 0.000006 
G3 7.856 4.561 0.2446 0.288465 0.000006 
WRB 0.113 5.777 0.0028 0.281953 0.000005 
WRS 0.306 4.805 0.0090 0.282146 0.000006 
12W13: southern Wet Mountains, Colorado 













G2 42.898 7.666 0.7971 0.304622 0.000006 
G3 41.442 7.668 0.7698 0.303756 0.000007 
G4 40.779 8.318 0.6980 0.301847 0.000005 







Table 4.2 Continued 
WRS 0.203 4.437 0.0065 0.282217 0.000005   
OC14: central Wet Mountains 













G2 63.842 6.274 1.455 0.326082 0.000008 
G3 62.558 6.589 1.357 0.323204 0.000008 
G4 64.668 5.263 1.760 0.335503 0.000008 
WRB 0.151 7.119 0.0030 0.282106 0.000005 
WRS 0.141 6.609 0.0030 0.282068 0.000006 
12W6: central Wet Mountains, Colorado 













G2 13.554 2.632 0.7333 0.302402 0.000016 
G3 15.527 2.553 0.8665 0.306057 0.000007 
G4 13.595 2.401 0.8065 0.304358 0.000006 
WRB 0.770 4.197 0.0260 0.282581 0.000006 
WRS 0.260 3.462 0.0107 0.282150 0.000007 
12NE21: western Needle Mountains, Colorado 













G2 4.445 1.105 0.5726 0.300882 0.000006 
G3 4.275 1.053 0.5778 0.301044 0.000012 
G4 4.203 1.078 0.5548 0.300230 0.000006 
WRB 0.151 2.201 0.0097 0.282211 0.000007 
WRS 0.148 1.700 0.0123 0.282322 0.000008 
 
poorly aligned and cannot be traced into the adjacent matrix foliation, even in crystals 
without extensive rims. This is consistent with garnet growth prior to the development of 
the matrix foliation. 
 
4.6 Lu-Hf Garnet Geochronology 
Here we present seven newly calculated Lu-Hf garnet ages. These ages are 
summarized in Table 4.2 and Figure 4.3. One dated sample is a schist from the Manzano 






gneiss from the Needle Mountains, and three are gneisses from the Wet Mountains. The 
data are presented below according to their projected position along a southeast-to-
northwest transect perpendicular to the overall strike of structural fabrics in the region 
(Figs. 4.1 and 4.11). 
 Schist samples from central and northern New Mexico exhibit garnet ages 
between 1461 and 1400 Ma. Sample MZC from the southern Manzano Mountains yields 
an isochron from six fractions at 1461 ± 14 Ma (Mean Square of Weighted Deviates 
“MSWD” = 2.6). The sample exhibits an initial 176Hf/177Hf ratio of 0.282006 ± 43 (εHf = 
5.3 ± 1.5). Sample 12PIC1 is a schist from the Piedra Lumbre member of the Trampas 
Group in the Picuris Mountains and was dated at 1400 ± 3 Ma (MSWD = 0.18). This 
sample is calculated from six fractions and yields an initial 176Hf/177Hf ratio of 0.282046 
± 10 (εHf = 5.4 ± 0.4). Sample 12PIC2 is from the Pilar Phyllite Formation of the Hondo 
Group in the Picuris Mountains. It yields an age of 1407 ± 17 Ma (MSWD = 3), with an 
initial 176Hf/177Hf ratio of 0.281892 ± 11 (εHf = 0.0 ± 0.4), based on four fractions. These 
garnet ages are consistent with prior work in the Tusas and Picuris mountains of New 
Mexico, in which garnet ages fall between 1456 and 1399 Ma (Aronoff et al., 2016). 
 Gneisses from the Wet and Needle mountain ranges in southern Colorado show a 
broad range of garnet ages between 1748 and 1476 Ma. Sample 12W13 is a gneiss from 
the southern Wet Mountains showing a garnet age of 1497 ± 4 Ma (MSWD = 1.7) based 
on six fractions. The initial 176Hf/177Hf ratio of this sample is 0.282039 ± 11 (εHf = 7.3 ± 
0.4). Gneissic sample OC14 yields an isochron at 1601 ± 6 Ma (MSWD = 3.6). It exhibits 
an initial 176Hf/177Hf ratio of 0.281995 ± 31 (εHf = 8.1 ± 1.1) from six fractions. A third 
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Figure 4.4. Trace element profiles collected from samples dated by Lu-Hf garnet geochronology in this 
study or in Aronoff et al. (2016). Profiles are qualitative, but depict changes in element concentration. 
Photomicrographs show the orientation of each profile in thin section. Si is scaled as (Si*0.000001) in 
order to fit on the same axes as the measured trace elements. Lu and Hf values shown here are normalized 
against the Si value measured at the same location. Lu and Hf values are scaled uniformly on each graph in 
order to illustrate variations in abundance. Lu values are plotted as (Lu/Si)*1000 and similarly Hf values 
are plotted as (Hf/Si)*1000.  As such, the y-axis of each graph is qualitative concentration. Sample MZC is 
a schist from the Manzano Mountains, New Mexico. 12PIC1, 12PIC2, and 11PIC21 are schists from the 
Picuris Mountains, New Mexico. 11TU4A, 11TU8A, 11TU10C, and 11TU9C are schists from the Tusas 
Mountains, New Mexico. 12W13, OC14, and 12W6 are gneisses from the Wet Mountains, Colorado. 
12NE21 is a gneiss from the Needle Mountains, Colorado. 
 
(MSWD = 0.4) from six fractions. The initial 176Hf/177Hf ratio of 12W6 is 0.281853 ± 11 
(εHf = 0.2 ± 0.4). A gneiss from the Needle Mountains in southwestern Colorado yields 
an isochron of 1748 ± 5 Ma (MSWD = 1.2). Calculations are from five fractions, with an 
initial 176Hf/177Hf ratio of 0.281888 ± 16 (εHf = 7.7 ± 0.6). 
 
4.7 Lu Zoning in Garnet 
An examination of the Lu distribution within the studied garnet crystals allows us 
to evaluate whether growth zoning is preserved in the garnet (e.g., Hollister, 1966; Kohn, 
2009), or if subsequent metamorphic processes, such as diffusion or resorption, have 
modified the distribution of elements after growth. This is critical for interpreting the Lu-
Hf age data collected, since Lu-Hf ages are generally interpreted to reflect the onset of 
garnet growth in a sample, provided that the Lu-Hf content of the crystal is not later 
disturbed (e.g., Scherer et al., 1997; Lapen et al., 2003; Kylander-Clark et al., 2007; Kohn, 
2009; Wolf et al., 2010; Smit et al., 2013; Kelly et al., 2011; Bloch et al., 2015).  
 The partition coefficient of Lu into garnet is high (Lapen et al., 2003; Skora et al., 
2006; Kohn, 2009; Kelly et al., 2011), leading to strong core concentrations of Lu and a 






Lapen et al., 2003; Kohn, 2009; Kelly et al., 2011). In diffusion limited growth conditions, 
garnet crystals may exhibit high Lu core concentrations and then low, broad, secondary 
shoulders (Skora et al., 2006). Following growth, either of these zoning profiles may be 
modified from its original distribution due to diffusion within the crystal, diffusion 
between garnet and other phases, or because of re-partitioning into the relict crystal 
during partial resorption (Tirone et al., 2005; Kelly et al., 2011; Bloch and Ganguly, 
2015). Here we measure qualitative distributions of Lu in garnet crystals in thin sections 
of dated samples to evaluate the relative contribution of different metamorphic processes 
to the observed Lu concentration profiles. Note that we cannot evaluate how close or far 
each garnet was cut from its geometric center, and this influences the shape of the profile. 
Representative trace element transects of each dated sample are shown in Fig. 4.4, and 
the complete set of profiles is provided in Appendix B. 
 Samples from New Mexico exhibit Lu distributions that are bell shaped, 
oscillatory, or showing strong center peaks and smaller radial increases. Garnet crystals 
from the Manzano Mountains (sample MZC) show variably bell shaped or oscillatory Lu 
profiles (Fig. 4.4); some of these low Lu troughs likely correspond with inclusions in the 
garnet. Three samples from the Picuris Mountains (12PIC1, 12PIC2, and 11PIC21) depict 
bell-shaped Lu profiles, oscillatory distributions, or bells with secondary increases (Fig. 
4.4). We note that garnet-bearing rocks from the Picuris Mountains are known to have Ca 
distributions that reflect disequilibrium kinetics during garnet growth (Chernoff and 
Carlson, 1997). Sample 12PIC1 preserves a texture in which a single garnet crystal shows 
variable rim-ward increases in Lu concentration, and the profile transect recording a 






structures that generally form by dissolution of material (e.g., Bell and Rubenach, 1983). 
Small amplitude secondary Lu peaks in sample 11PIC21 may reflect a second pulse of 
garnet growth, because these crystals preserve inclusion-rich cores and inclusion-poor 
rims, a texture that may develop during two periods of garnet growth in a rock. Four 
samples from the Tusas Mountains display bell or bowl shaped Lu profiles (Fig. 4.4). 
Sample 11TU4A has small garnet crystals with pronounced central Lu peaks. Sample 
11TU8A preserves a bell-shaped transect in one direction, and a bell with a high Lu peak 
at its rim in the perpendicular direction. Note that, as with samples from the Picuris 
Mountains, this high Lu rim is located at the interface of a kink band in the matrix. The 
resorption histories and pressure-temperature estimates of Samples 11TU9C and 
11TU10C are discussed in Chapter 1. Garnet crystals in 11TU10C record high 
concentration Lu cores, with variable secondary Lu peaks towards the rim. Sample 
11TU9C preserves bowl-shaped profiles that have low Lu concentration cores with a 
steady increase towards the rim. 
 Samples from Colorado record Lu profiles with bell shapes, plateaus, high cores 
and secondary rim peaks, or bowl shapes (Fig. 4.4). Sample 12NE21 preserves bell 
shaped geometries, and some crystals also shows clusters of peaks and troughs, which 
may reflect coalesced nuclei from early stages of garnet growth (Spear and Daniel, 1998), 
an interpretation supported by garnet textures in thin section. Sample 12W13 from the 
southern Wet Mountains exhibits both bowl-shaped profiles – with lowest Lu 
concentrations in the core of the garnet crystal, and increasing Lu concentrations towards 
the rim – as well as modified bell shapes, with equally high Lu cores and rims, separated 






similarly exhibits one garnet crystal with a bell-shaped profile, and a second crystal with 
a plateau shaped profile that has highest Lu concentrations at the crystal rim (Fig. 4.4). 
Sample 12W6 from the northern Wet Mountains contains garnet crystals that preserve 
high concentration Lu cores, but commonly contain sharp concentration increases at the 
rims, and these outer concentration increases are localized along transects where garnet is 
mantled by biotite; they are uncommon in transects where garnet is in contact with quartz 
(Fig. 4.4). 
4.8 Models of Garnet Resorption and Intracrystalline Diffusion 
Garnet samples from the Needle and Wet Mountains of Colorado commonly 
preserve Lu profiles in which both the core and rim of the crystal are regions of high 
concentration, separated by a trough, or Lu concentration is variable from garnet to 
garnet within a thin section, with some crystals recording high concentration cores and 
others preserving high concentration rims (Fig. 4.4). We interpret high concentration rims 
as the product of partial garnet resorption, with Lu back diffusing into the relict crystal 
because if its strong affinity for garnet (Kohn, 2009; Kelly et al., 2011).  
 Here we use numerical models to explore the effects of resorption and diffusion 
on the distribution of Lu within sampled garnet crystals. Understanding potential 
modifications from growth zoning geometries allows us to make more complete geologic 
interpretations of Lu-Hf age data. 
 First we apply a simple calculation to evaluate the magnitude of resorption 
necessary to produce strong rim peaks. We use garnet transect 12W6_5 as a starting 
configuration for this model, since it preserves a bell-shaped Lu profile, albeit with 






growth (discussed in detail below). We simulate resorption by calculating the radius 
change corresponding to a given volume percent loss for a spherical crystal, and then 
partition the Lu budget for the consumed portion of the radius into the outermost portion 
of the remaining profile. Our results show that a ~60% volume loss is necessary to 
produce a rim concentration that is roughly equivalent to the core concentration in sample 
12W6_5 (Fig. 4.5). This implies that measured profiles with rim Lu peaks higher than 
core peaks, such as garnet 12W6_1 (Fig. 4.4) were resorbed by more than 60%, assuming 
similar Lu concentration gradients prior to dissolution. The pattern of Lu concentration 
profiles within these samples suggests that 1) resorption is variable from garnet to garnet 
at the thin section scale, 2) that resorption does not act uniformly on a single crystal, such 
that different transects within a single crystal may display different resorption patterns, 
and 3) that resorption may not progress strictly from rim to core. As illustrated in Fig. 4.5, 
if a garnet is fractured or sheared, then an isolated radial segment of the crystal could take 
on a bowl shaped Lu profile after moderate dissolution. Note that this mechanism is 
different from an intact porphyroblast being progressively consumed from rim to core. 
We prefer this model for the bowl-shaped profile of sample 12W13_2b (Fig. 4.4) because 







Figure 4.5. Numerical models showing the change in shape of a measured Lu profile in response to garnet 
resorption. Transect 12W6_5a measurements were normalized assuming a core concentration of 100 ppm 
Lu for the purpose of this model. The upper panel shows the rim increase predicted for different amounts of 
volume dissolution of the original crystal. The curvature of each resorbed profile is schematic, but the 
maximum Lu value of each line is a model result. The lower panel illustrates how an isolated segment of a 
larger garnet crystal may produce a bowl-shaped Lu distribution after moderate resorption. Note that the 
dissolution process depicted in the lower panel is mechanically different from a single crystal undergoing 






 Second we apply numerical models of intracrystalline diffusive relaxation to the 
Lu profiles to understand the conditions under which bell-shaped profiles would be 
preserved or modified (e.g., Chakraborty and Ganguly, 1992; Spear, 1993; Tirone et al., 
2005). Note that intracrystalline diffusion should act to smooth and ultimately flatten bell 
shapes, since the transition from high concentration core to low concentration rim is a 
concentration gradient. Here we model diffusional relaxation using the program GarDiff 
MoveRim (F. Spear, written communication 2016). The program calculates finite 
difference-based relaxation from an initial zoning profile, and iterates the finite difference 
calculation over a give set of time-temperature steps. The user inputs a zoning profile and 
allows the profile to relax along a specified time-temperature history. The input profile 
for this program must be continuously decreasing in Lu concentration; to accommodate 
this, secondary increases in Lu concentration between core and rim were simply removed 
from the profile. These smoothed profiles are depicted by a black line in Figs. 4.6 and 4.7. 
This simplification allows us to focus on the possible shape change of the core, prior to 
dissolution and back-diffusion. Secondary Lu increases that are a product of renewed 
garnet growth rather than dissolution would act to “armor” the core from extensive 
diffusion because there is no longer a monotonic concentration gradient between core and 
rim.  
 Diffusional relaxation models all begin at 800 °C, which is a temperature at which 
garnet growth likely occurred in all three samples (see Figs. 4.8-4.10 and related 







Figure 4.6. Models showing diffusive relaxation of measured Lu transect 12W6_5a from the Wet 
Mountains, Colorado, under varying time-temperature conditions, constructed with the program GarDiff 
MoveRim (Spear, written communication 2016). The measured Lu concentration of the sample, normalized 
to a 100 ppm core concentration, is shown by the grey line. A smoothed starting profile is shown by the 
black line. Time steps in the model are depicted by red lines, and the final profile for the given temperature 
condition is shown in blue. Beyond this point, the shape of the Lu profile does not change because 
diffusion is slow at geologic timescales. Note that at a cooling rate of 25 °C/M.y., only the core of the 
garnet undergoes relaxation. At 50 °C/M.y., diffusive relaxation is minimally detectable.














































































































Figure 4.7. Diffusive relaxation models for transects from samples 12W13 and OC14 from the Wet 
Mountains, Colorado. Color scheme is the same as in Fig. 4.6 above. Note that for each of these samples, 
significant diffusion is only visible at the very slow cooling rate of 1 °C/M.y.. 
  
profile configuration is the temperature at which Lu profile no longer diffuses measurably. 
Figures 4.6 and 4.7 illustrate that at very slow cooling rates, such as 1 °C/M.y., each 
measured profile would undergo diffusive relaxation. This indicates that each profile has 
the potential to diffuse at high enough temperatures; it has not been fully relaxed from its 
original shape. At increased cooling rates of 10- and 25 °C/M.y., only profile 12W6_5a 
shows the potential for significant diffusional relaxation (Fig. 4.6). Samples OC14_1a 
and 12W13_1b appear stable under these conditions (Fig. 4.7). This contrast in modeled 
profile evolution at faster cooling rates suggests that of the three samples from the Wet 
































































































Mountains, sample 12W6 has experienced the least diffusional relaxation. Furthermore, 
all three samples likely underwent initially rapid cooling from ≥ 800 °C to ≤680 °C in 
order to preserve the Lu concentration gradients displayed in the dataset. These results 
allow for deeper interpretation of the samples’ Lu-Hf garnet ages. 
 
4.9 Isochemical Phase Diagram Modeling 
We calculated isochemical phase diagrams for each sample from the Wet 
Mountains in order to provide petrologic context for Lu-Hf ages and Lu zoning profiles. 
This technique is powerful because each phase diagram is calculated from the bulk 
chemical composition of that specific sample, and therefore gives insight into the 
metamorphic history of that rock. This is critical for understanding garnet growth and 
dissolution on a per-sample basis. Each sample has an accompanying molar evolution 
diagram for garnet, which shows quantitative changes in the abundance of garnet as the 
sample evolves along the P-T trajectory depicted by the blue arrow in each figure.  
 Sample 12W13 from the southern Wet Mountains has a mineral assemblage 
quartz + plagioclase + k-feldspar + garnet + biotite + sillimanite + cordierite. Both 
epidote and chlorite in this sample are likely retrograde. The sample yields a peak 
mineral assemblage field at 750-800°C, between 5.5 and 11 kbar, but pressures were 
likely below 7.5 kbar because of the presence of cordierite in the sample (Fig. 4.8). The 
presence of melt in the phase diagram is consistent with textures in the rock, including 
embayed and skeletal garnets. Textures in the sample are consistent with an isobaric 







Figure 4.8. Isochemical phase diagram model for sample 12W13 generated with Theriak-Domino software 
(de Capitani and Petrakakis, 2010). The diagram depicts equilibrium mineral assemblages over a range of 
pressure-temperature space. The inferred peak assemblage is shaded in blue. Mineral assemblage 
abbreviations follow Kretz (1983). A modeled P-T path consistent with thin section textures is depicted 
with the blue arrow. The lower panel is a molar evolution diagram for garnet, and it shows the change in 
abundance of garnet as the sample travels along this P-T trajectory. Note extensive garnet growth between 
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garnet population in the sample grew during heating and partial melting between 700 and 
825 °C, with resorption of garnet occurring on cooling from peak conditions (Fig. 4.9).  
 Sample OC14 from the central Wet Mountains, adjacent to the Oak Creek pluton 
(Fig. 4.1), commonly contains the mineral assemblage quartz + plagioclase + k-feldspar + 
garnet + biotite. Several thin sections were cut from one hand sample, and one of thin 
section also contains small modes of sillimanite + cordierite + spinel. Because the 
volume of these minerals is low, it indicates that local bulk composition may be 
heterogeneous at a scale smaller than the thin section. Garnet crystals are highly skeletal, 
and sillimanite forms both mats and needles that overgrow matrix feldspar grains and 
spinel crystals. Phase diagram models (Fig. 4.9) do not produce assemblages with the 
association garnet + spinel; this may also be because of small local equilibration volumes. 
If spinel grew by a reaction such as garnet + cordierite + sillimanite = spinel + quartz, 
then peak temperatures in this rock may have exceeded 900 °C; the assemblage garnet + 
cordierite is stable in pelitic compositions until ~1075°C at 8 kbar (Spear, 1993). Note 
that the phase diagram model shows garnet, feldspar, and sillimanite breakdown below 
these temperatures, and there is no orthopyroxene in the rock (Fig. 4.9). The molar 
evolution diagram for this sample shows that garnet is not present in the rock until 
~650 °C, and is partly consumed at temperatures above 850 °C (Fig. 4.9). 
 Sample 12W6 from the central Wet Mountains, north of the Oak Creek pluton 
(Fig. 4.1) contains the assemblage quartz + plagioclase + k-feldspar + garnet + biotite + 
chlorite. Textural relationships between biotite and chlorite suggest that the chlorite is 
retrograde. Note the absence of sillimanite. Minimum pressure for 12W6 is 7.5 kbar 







Figure 4.9. Isochemical phase diagram model for sample OC14 generated with Theriak-Domino software 
(de Capitani and Petrakakis, 2010). A set of stable assemblages based on the presence of sillimanite and 
cordierite is shaded in blue. A set of stable assemblages consistent with the assemblage in which sillimanite 
and cordierite are absent is highlighted in purple. Hercynite is present in this sample, but does not appear as 
a stable phase in this diagram. This is likely because of local variations in composition that are not captured 
by the bulk chemistry of the hand sample. The lower panel is a molar evolution diagram for garnet, and it 
shows the change in abundance of garnet as the sample travels along this P-T trajectory. Note that there is 
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Figure 4.10. Isochemical phase diagram model for sample 12W6 generated with Theriak-Domino software 
(de Capitani and Petrakakis, 2010). A stability field the rock may have passed through based on mineral 
assemblage is highlighted in purple, with the inferred peak assemblage shown in blue. The lower panel is a 
modal evolution diagram for garnet, and it shows the change in abundance of garnet as the sample travels 
along this P-T trajectory. Note that there are multiple pulses of garnet growth and dissolution in this sample 
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 the absence of sillimanite (Fig. 4.10). While k-feldspar is not depicted as a stable mineral 
in this phase diagram, we interpret k-feldspar to crystalize during cooling from the liquid 
present above 800 °C. Orthopyroxene is also absent in this sample. Note that an isobaric 
heating path at 8.5 kbar shows an early pulse of garnet growth between ~625 and 660 °C 
with minor resorption between 660 and 690 °C, followed by extensive garnet growth 
from 690 to 825 °C and dissolution between 825 and 900 °C. Garnet is present in the 
rock through this entire temperature interval, which contrasts with the other two samples 
modeled in this study. 
 
4.10 Discussion 
Lu-Hf garnet age data, together with petrologic, geochemical, and structural data, 
constrain the timing and geographic extent of metamorphism associated with the Yavapai, 
Mazatzal, and Picuris orogenies. Garnet ages record growth, anatexis, or a combination 
of growth and partial resorption. In any of these cases, the Lu-Hf date informs us about 
the timing of high temperature metamorphic processes acting on these rocks. 
4.10.1 Garnet Growth, Diffusion, Resorption, and the Presence of Partial Melt 
A subset of samples display bell-shaped Lu profiles, which we interpret as 
growth-related geometries. These samples span the study area, including within the 
Manzano, Picuris, Tusas, Needle, and Wet mountains. Samples that display bell-shaped 
Lu zoning in the core, accompanied by spikes in Lu concentration at the rim of the crystal, 
are consistent with partial dissolution without prior diffusion. This scenario is likely if 
garnet grows early during metamorphism, and then temperature continues to increase and 






crenulation cleavages in a sample, and kink axes are localized at the edges of existing 
porphyroblasts. Few samples show evidence for diffusion that is extensive enough to 
flatten garnet cores with respect to Lu. One such sample is sample 11TU9C from the 
southern Tusas Mountains (Fig. 4.4), and another is sample OC14 from the central Wet 
Mountains, which shows variable Lu distributions from garnet to garnet (Fig. 4.4). 
 In the Wet Mountains, samples have undergone granulite facies metamorphism, 
but diffusional modeling suggests that garnets in these rocks must have cooled quickly to 
temperatures ≤680 °C. Samples from the Wet Mountains contain Lu profiles consistent 
with partial resorption, although the magnitude of resorption varies from crystal to crystal 
within each sample, and there is no preferred orientation for the degree of resorption at 
the thin section scale. Despite displaying similar patterns of diffusion and resorption as 
well as P-T evolution, samples from the Wet Mountains yield Lu-Hf garnet ages 
separated by as much as 125 M.y. (Fig. 4.3). Sample 12W6 shows the least evidence for 
diffusional relaxation, and also yields the youngest Lu-Hf age of the three samples. 
Isochemical phase diagram modeling shows that garnet in 12W6 grew earlier in 
temperature space than garnet in OC14 or 12W13. Together these lines of evidence 
suggest that the Wet Mountains underwent multiple pulses of granulite facies 
metamorphism, and that measured Lu-Hf ages can be correlated with the timing of high 
temperature metamorphism and partial melting of these rocks. For samples OC14 and 
12W13, where a very small mode of garnet exists prior to high temperature partial 
melting, these Lu-Hf ages should serve as a proxy for the timing of anatexis. This shows 
that rocks of the Wet Mountains were at mid-crustal depths and high temperatures in both 







Figure 4.11. A diagram showing the timing of major metamorphic and tectonic events in the study area (Y-axis) versus distance N to S across the strike of 
the ranges (X-axis). Grey, red, and blue shading shows the timing of the Yavapai, Mazatzal, and Picuris orogenies respectively. Garnet ages are from this 
study and from Aronoff et al. (2016). Age constraints in the Needle Mountains are from Jones et al. (2005) and Gonzales et al. (1996). Age constraints in the 
Wet Mountains are from Jones et al. (2010) and Bickford et al. (1989). Age constraints in the Manzano Mountains are from Kirby et al. (1995). Note the 
extensive garnet growth, structural fabric development, and pluton emplacement across the entire study area during the Picuris orogeny. Also note that the 






































































Paleoproterozic Plutons deformed at ~1.4 Ga











4.10.2 Regional Tectonics 
A consistent pattern in the Lu-Hf age data is that garnet ages in this sample set are 
commonly older than nearby plutons. If plutons were the major source of heat for 
metamorphism, we would expect garnet growth to postdate the crystallization age of the 
pluton. In the Manzano Mountains, sample MZC has a Lu-Hf age that is 34 M.y. older 
than the U-Pb zircon age of the Mesoproterozoic Priest pluton. Garnet growth in the 
Picuris Mountains occurs in a region where no ~1400 Ma plutons are exposed at the 
surface (Fig. 4.1). Rocks to the north and south of the Oak Creek pluton in the Wet 
Mountains yield garnet ages that are older than the pluton crystallization age by 34-159 
M.y. This suggests a different metamorphic history from a model in which high 
temperature spikes are driven only by pluton emplacement. We note that in the Needle 
Mountains, the emplacement of Mesoproterozoic plutons apparently did not perturb 
Paleoproterozoic garnet ages. Together these data imply that Mesoproterozoic high 
temperature metamorphism was regional in scale, and that ~1.4 Ga plutons are part of 
this tectonic event, but do not alone drive regional temperature gradients. 
 At a regional scale, garnet ages in New Mexico display a fundamentally different 
distribution from those in Colorado (Fig. 4.11), even accounting for garnet growth under 
different pressure-temperature conditions in different bulk compositions. Garnet ages in 
New Mexico are restricted to a period 1461-1399 Ma (Figs. 4.3 and 4.11), while garnet 
ages in Colorado span the period 1748-1476 Ma (Figs. 4.3 and 4.11). The most 
parsimonious interpretation of these data is that rocks in New Mexico were not 
metamorphosed above greenschist facies until the Picuris orogeny, but that rocks in 






Yavapai, Mazatzal, and Picuris orogenies. The Needle Mountains display the clearest 
record of Yavapai orogenesis (Fig. 4.11), and the Wet Mountains contain the most 
protracted history of garnet growth, diffusion, resorption, and partial melting in the 
Paleo- and Mesoproterozoic. We note that if northern New Mexico and Colorado 
together represented a transition zone between the Yavapai and Mazatzal provinces 
(Shaw and Karlstrom, 1999), then we would expect the entire region to display the type 
of complex metamorphic record documented in the Wet Mountains. Instead, these 
contrasting metamorphic histories imply that a fundamental Mesoproterozoic tectonic 
boundary exists in northern New Mexico, along what has previously been considered the 
Mazatzal front. The Picuris orogeny has been documented in northern New Mexico as a 
contractional orogenic belt created by phases of thrusting and of heterogeneous crustal 
thickening (Aronoff et al., 2016). Here we show that metamorphism and deformation 
during the Picuris orogeny extended north, and that the northern extent of this tectonism 
is in the Wet Mountains. In coordinates projected onto a transect across-strike within the 
orogen (Fig. 4.1), the Needle Mountains represent an area behind the orogenic front that 
underwent less extensive reworking during the Picuris orogeny. 
 
4.11 Conclusions 
Our work shows that the Picuris orogeny created regionally elevated temperature 
conditions in what is now New Mexico and Colorado. Rocks in New Mexico underwent 
high temperature metamorphism through a single progressive tectonic event, implying 
that the Picuris orogeny is responsible for regional amphibolite facies metamorphism and 






Plomo-Pecos shear zone. In Colorado, the Picuris orogeny reheated more deeply buried 
mid-crustal rocks; it is likely responsible for the generation of partial melt in these rock 
packages. The region once interpreted as the Yavapai-Mazatzal transition zone is better 
understood as the Picuris orogen. 
 Our results highlight the power of garnet geochronology as a tool for tectonic 
investigation. In this study area, U-Pb zircon crystallization ages are not an accurate 
proxy for the timing of high temperature metamorphism, but using zircon and Ar-Ar age 
data in concert with garnet age data provides a more complete picture of the tectonic 
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Appendix A Zircon U-Pb Age Data 
Note: Location and source information available upon request. 




IAOS-001 1804 18 
NBDA-002 1802 5 
63 1801 6 
1533 1790 19 
NBBF-001 1787 10 
55 1786 10 
IALY-007 1782 4 
604 1781 8 
KSNM-021 1780 20 
NBHK-001 1780 7 
NBBU-001 1775 10 
NBKP-001 1775 10 
110 1772 4 
86 1771 3 
889 1770 8 
605 1770 5 
195 1768 6 
98 1766 15 
606 1766 14 
607 1766 5 
892 1765 4 
1540 1760 9 
608 1759 8 
79 1759 6 
609 1757 10 
90 1757 7 
1101 1755 10 
1541 1754 11 
71 1754 7 
610 1751 6 
1102 1750 10 
1105 1750 10 





347 1750 2 
901 1749 4 
633 1746 13 
1020 1746 13 
902 1745 16 
1021 1745 12 
611 1742 8 
905 1741 6 
597 1741 4 
906 1741 4 
348 1741 1 
350 1741 1 
1103 1740 15 
1104 1740 15 
1106 1740 10 
612 1740 8 
1110 1738 4 
209 1737 4 
351 1737 1 
189 1736 6 
248 1735 8 
42 1735 7 
613 1733 15 
909 1732 4 
126 1731 9 
912 1730 16 
913 1730 10 
50 1730 9 
615 1730 7 
911 1730 7 
352 1730 3 
915 1728 16 
621 1728 6 
916 1728 2 
48 1727 8 
616 1721 10 
1187 1721 6 
224 1721 2 
893 1720 20 
628 1720 17 
1022 1720 17 





1095 1720 15 
1096 1720 15 
1107 1720 9 
249 1720 8 
217 1719 1 
1186 1718 6 
353 1717 1 
118 1716 3 
617 1714 10 
ONMI-002a 1714 10 
1542 1714 10 
921 1713 14 
49 1713 12 
356 1713 2 
598 1713 2 
599 1711 2 
1112 1710 20 
1113 1710 20 
1118 1710 15 
1337 1710 10 
626 1710 4 
1024 1710 4 
1097 1709 8 
923 1706 5 
1081 1706 5 
1189 1706 4 
1098 1706 3 
924 1705 8 
623 1704 4 
1025 1704 4 
926 1703 10 
629 1702 2 
1026 1702 2 
925 1701 10 
930 1700 20 
1028 1700 20 
618 1700 10 
754 1700 9 
1115 1700 6 
928 1700 5 
1109 1699 5 





932 1699 2 
140 1698 4 
1084 1698 4 
357 1698 1 
564 1697 7 
1120 1697 5 
358 1697 1 
1190 1696 13 
1099 1696 8 
1114 1695 15 
1116 1695 15 
1117 1695 15 
933 1695 3 
145 1695 2 
1133 1695 2 
43 1694 14 
755 1693 11 
1140 1693 2 
756 1693 1 
937 1691 16 
938 1689 20 
1191 1686 8 
359 1685 1 
735 1685 1 
939 1684 1 
229 1683 2 
940 1682 6 
46 1682 4 
1149 1682 3 
941 1680 20 
360 1680 1 
942 1679 10 
1177 1679 2 
1192 1677 17 
1433 1677 14 
1212 1676 17 
619 1676 6 
1434 1675 15 
KSNT-163 1675 8 
946 1674 5 
250 1672 8 





251 1670 4 
736 1670 2 
1032 1669 13 
252 1669 8 
569 1669 8 
944 1668 18 
KSJA-007 1667 7 
KSKE-001 1666 8 
948 1665 5 
1435 1664 17 
949 1664 3 
950 1664 3 
951 1663 4 
361 1662 1 
952 1662 1 
954 1660 10 
953 1660 2 
1034 1659 13 
1033 1659 5 
955 1659 3 
957 1658 20 
1436 1658 15 
958 1658 12 
956 1658 3 
1437 1657 14 
961 1655 20 
962 1655 20 
959 1655 15 
960 1655 3 
1328 1654 6 
963 1654 1 
1438 1652 14 
967 1650 20 
968 1650 20 
966 1650 10 
NBMP-003 1650 10 
MODD-001 1648 14 
969 1648 3 
1325 1647 2 
1333 1647 1 
1036 1645 16 





971 1644 10 
970 1643 20 
1037 1643 20 
1329 1643 5 
1121 1640 15 
NBCS-002 1639 12 
1124 1638 4 
1324 1634 2 
393 1633 17 
972 1633 5 
757 1633 3 
1126 1633 3 
1215 1632 18 
1217 1631 10 
974 1630 20 
1122 1630 15 
394 1630 14 
KSNM-019 1626 15 
1216 1622 10 
975 1622 5 
1326 1615 5 
976 1615 3 
MOCE-001 1611 5 
KSNM-018 1609 6 
KSNM-020 1608 3 
MOLC-003 1598 17 
KSGH-042 1592 7 
KSNT-334 1580 12 
KSNM-058 1579 10 
KSGH-043 1579 9 
1548 1537 10 
1455 1514 10 
1458 1510 10 
1464 1510 7 
1445 1509 12 
1485 1506 13 
MOIR-RGR 1503 20 
1465 1503 19 
1457 1503 3 
1453 1501 9 
1493 1500 20 





1441 1499 8 
1443 1499 8 
1513 1498 9 
1460 1497 10 
1543 1497 5 
1454 1495 7 
1459 1495 2 
1462 1495 2 
MOFR-009z 1493 13 
1456 1493 3 
MOSF-KLG 1491 18 
1483 1491 8 
1450 1490 5 
MOWA-SJM 1489 15 
1463 1489 8 
1340 1488 6 
IAJK-001 1485 10 
MOMA-SMG 1484 7 
TD00-10 1483 2 
978 1480 20 
1448 1479 2 
VS70-51a 1478 3 
TD02-01a 1477 3 
VS70-91 1475 2 
TD0017 1475 2 
MODN-005 1474 15 
979 1474 7 
MOWA-PR2 1474 6 
Mean Age 1474 3 
TD00-25 1474 2 
MOSH-013 1473 15 
MOCT-013 1473 12 
MOSCH-05 1472 6 
1447 1472 3 
MIGT-001 1472 2 
VS73-04 1471 3 
Logan 1471 3 
1481 1471 3 
TD02-01b 1471 2 
VS70-75 1471 2 
395 1470 16 





396 1469 12 
TD00-03 1468 5 
TD00-07 1468 4 
1489 1467 20 
MOIR-CCG 1466 13 
ILHY-001 1466 6 
MOWA-PR1 1466 3 
980 1465 16 
MOLC-006 1465 10 
ILST-003 1465 8 
MOLC-005 1465 7 
MORI-010 1464 5 
1490 1464 2 
398 1463 13 
399 1463 13 
397 1463 8 
ILST-001 1461 6 
400 1461 4 
1509 1461 2 
KSMS-045 1460 12 
983 1460 10 
401 1459 14 
1470 1459 2 
MOGA-002 1458 10 
402 1458 9 
MOFR-006 1458 7 
KYPU-001 1457 10 
1491 1457 8 
403 1455 11 
MOCW-012 1455 10 
INPO-002 1454 14 
KSDC-163 1454 12 
1474 1452 15 
Morrow 1451 10 
KSRS-243 1450 15 
1339 1450 10 
NBHA-005 1450 6 
1487 1449 20 
1439 1449 13 
2 1448 9 
1468 1448 1 





INPO-001 1446 4 
985 1445 15 
1473 1445 4 
MOHW-001 1443 12 
1330 1442 16 
986 1442 7 
1492 1442 7 
188 1442 3 
1 1442 1 
KSNM-021 1441 4 
1416 1440 20 
1417 1440 20 
625 1440 3 
1038 1440 3 
NBFN-002 1439 16 
NBFN-001 1439 11 
988 1439 8 
1039 1438 20 
181 1438 9 
1432 1438 2 
1440 1437 15 
567 1437 5 
NBFN-001 1436 8 
384 1436 2 
1178 1436 2 
1425 1436 1 
1428 1436 1 
1429 1436 1 
627 1435 15 
1040 1435 15 
385 1435 4 
173 1435 3 
159 1435 1 
1423 1435 1 
1426 1435 1 
1430 1435 1 
1431 1435 1 
1544 1434 11 
IACK-001 1434 10 
571 1434 8 
1467 1434 4 





1168 1434 2 
1422 1434 1 
1424 1434 1 
IACK-001 1433 6 
KSMS-046 1431 18 
1427 1431 1 
1048 1430 20 
383 1430 5 
1331 1428 6 
KSMS-044 1428 3 
1511 1426 6 
KSMS-047 1423 18 
1127 1423 2 
992 1423 1 
1405 1422 3 
994 1420 20 
NBGG-001 1419 6 
1195 1418 2 
1202 1418 2 
1057 1418 1 
1503 1417 5 
1196 1414 4 
1197 1414 4 
1545 1413 12 
601 1413 2 
624 1412 20 
1041 1412 20 
1404 1412 13 
1410 1411 3 
1193 1410 4 
1194 1410 4 
1145 1407 6 
1406 1407 4 
622 1406 13 
1042 1406 13 
Scioto cores 1404 17 
255 1404 1 
1407 1401 5 
1408 1400 15 
OKJO-X-Burch 1397 7 
1546 1393 8 





OKJO-X-BRG 1389 10 
OKJO-X-Burch 1386 17 
1488 1386 10 
1484 1383 16 
1498 1383 14 
1074 1383 10 
TX-TTU86 1383 10 
OKOT-007 1383 8 
1547 1383 1 
KSRL-035 1382 13 
KSSC-001 1382 2 
997 1380 20 
998 1380 20 
KSTH-001 1379 6 
MORE-MGP 1378 6 
1478 1377 3 
ARSP-001 1376 4 
999 1375 20 
OKJO-X-Tish 1374 15 
OKPC-005 1372 20 
NM-AM3050 1372 18 
OKLF-001 1372 4 
TX-MB24-2020 1372 4 
MOPO-002 1371 14 
CO-SD2 1371 14 
OKOS-035 1371 11 
1477 1371 7 
1000 1371 4 
1507 1371 3 
1480 1371 2 
OKMY-SG1 1370 20 
1069 1370 17 
NM-Lea-345 1370 17 
MOPO-003 1370 4 
TXMO-001 1370 2 
NM-AM4390 1369 17 
OKJO-X-Troy 1368 3 
MOMC-002 1367 3 
OKJO-X-Troy 1366 9 
1001 1366 3 
MOJK-001 1365 10 





MOVE-001 1364 10 
OKJO-X-Tish 1363 8 
KSMI-004 1362 12 
1002 1362 7 
CO-SC2 1362 7 
KSMI-004 1361 6 
1003 1359 11 
1502 1354 3 
TXLU-001 1353 2 
NBRI-001 1351 7 
1479 1351 6 






Appendix B Trace Element Transects, Full Dataset 
Note: This appendix includes a multiple page figure that serves as a companion to 
Figure 4.4. It depicts all trace element profiles collected in this study. Graphs were 
constructed according to the procedure described in the text and in Fig. 4.4. 
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